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Biological systems include a highly intertwined and complex set of interactions in 
which molecules vary spatially and temporally in addition to being present in 
concentrations that extend over many orders of magnitude. These chemical entities 
belong to numerous classes including inorganic salts, metabolites, lipids, peptides and 
proteins, each presenting its own set of analytical challenges. Here, these challenges were 
addressed via mass spectrometry. 
Different mass spectrometric technologies have been applied to probe the identity and 
spatial distribution of analytes within spinal cord from Rattus norvegicus and neurons 
from Aplysia californica. Mass spectrometry imaging (MSI) is a technique that allows for 
mass measurement of analytes, while also providing their spatial location and does not 
require a priori knowledge of the analytes to be imaged. MSI is capable of generating ion 
distribution images of many analytes within a single experiment as a result of the 
multiplexed detection capabilities that record a full mass spectrum at each position across 
the sample. MSI has been performed using secondary ion mass spectrometry (SIMS) for 
single cell imaging and matrix-assisted laser desorption/ionization mass spectrometry for 
the imaging of tissue sections. The combined use of these two complementary techniques 
allows for probing molecular distributions over a wide range of mass-to-charge ratios at 
spatial resolutions, ranging from submicron to hundreds of microns. 
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Several method development projects were undertaken to improve the spatial 
resolution obtainable and to increase the information content that is collected during MSI 
experiments. MSI of rat spinal cord determined the localization of lipids, peptides and 
proteins within a single experiment using enzyme-modified beads mounted to a 
stretchable membrane. These beads were used to perform in situ digestion of spatially 
isolated tissue fragments generating digest peptide used to identify the proteins present. 
In a similar application, tissue was mounted directly on the stretchable membrane, which 
was then stretched, fragmenting the tissue prior to analysis using MSI. This stretched 
tissue mounting resulted in a 25-fold increase in pixel density, allowing for the 
visualization of smaller tissue features.  
Additionally, protocols were developed for the treatment of cultured neurons in order 
to preserve cellular morphology and improve signal from different analyte classes during 
SIMS imaging. A SIMS instrument using a primary cluster ion source, which produces 
more secondary molecular ions than primary atomic ion sources do, was used to perform 
analyses of single cells. The secondary molecular ions from the single cells were then 
fragmented using tandem mass spectrometry, a new feature for a SIMS instrument, in 
order to provide confident analyte identification.  
In summary, these new methods improved accurate characterization of the spatial 
distributions of a wide range of analytes within the neuronal systems of Rattus and 
Aplysia. Additionally, the developed methods will aid researchers in addressing 
increasingly complex questions about neuroscience.  
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 Chapter 1 
 
Introduction and Dissertation Overview 
 
 
 
1.1. Background 
 Biological systems contain complex sets of molecules that interact in complex 
ensembles. These chemical entities are under spatially and temporally control in addition 
to being present over a wide range of concentrations. It is these molecular interactions 
that shape how biological systems function; understanding these complex interactions, 
especially the spatial and temporal variations, is a formidable task. 
 The Sweedler laboratory focuses on developing methods for the analysis of the 
nervous system of a variety of model organisms aiming to further the understanding of 
cell-to-cell signaling that takes place between and among neurons. Various signaling 
molecules have been investigated within the group including classical neurotransmitters, 
neuropeptides and proteins. Novel protocols have been developed aiming to reduce the 
sample complexity by analyzing single cells or small regions of tissue. Using this 
approach allows for the observation of molecules that are present at a high local 
concentration but at low global concentrations. When sampling mass limited samples, the 
miniscule amount of analyte present creates an analytical challenge requiring the use of 
sensitive characterizing techniques. These analysis requirements are compatible with 
1
 techniques such as capillary electrophoresis with laser induced fluorescence, mass 
spectrometry (MS) and microfluidic approaches with online detection. 
 In order to probe the molecular distribution of analytes within the model nervous 
systems of the spinal cord from rat and neurons from Aplysia californica, several forms 
of MS have been employed. The rat spinal cord represents a well-characterized neuronal 
model system that consists of two primary regions, the surrounding white matter and the 
interior grey matter.1-5 The white matter consists primarily of myelinated axons while the 
grey matter contains cell bodies and primarily unmyelinated axons. This model system 
was used for proof-of-concept demonstrations for matrix-assisted laser 
desorption/ionization (MALDI) MS imaging of lipids, peptides and proteins as described 
in Chapters 3 and 4.6 Aplysia californica neurons represent a second model system that 
consists of well-characterized neuronal networks and many identifiable neurons. These 
networks contain around 104 neurons compared with humans with 1012 neurons. The 
reduction in the number of neurons and the larger size of the neurons represent two 
advantages of working with this model system. These neurons have been analyzed using 
secondary ion mass spectrometry (SIMS) imaging, which is well-suited for the analysis 
of small (<500 Da) analytes. By characterizing these two model systems, methods were 
developed for use in future biological imaging studies.  
 Mass spectrometry imaging (MSI) has been used here to characterize biological 
systems including rat spinal cord and Aplysia californica neurons due to many of its 
inherent advantages over other imaging modalities. MSI allows for the detection and 
identification of analytes without the requirement of analyte pre-selection or the 
development of analyte specific labels. By acquiring a whole mass spectrum at each 
2
 position on the sample, a distribution map for a selected m/z range can be created to 
represent the intensity of the signal within a selected mass range. These capabilities make 
MSI an appropriate platform for exploration experiments as hundreds of molecules can 
be detected a priori and imaged all within a single acquisition.  
 MSI experiments were performed to characterize model neuronal systems while 
expanding the capabilities of MSI. These experiments included the extension of the 
stretched sample method7-12 to allow for the analysis of lipids, peptides and proteins by 
performing in situ digestion of tissue fragments prior to imaging. This method allows for 
multiple digestions (or other types of sample modifications) to be performed on beads 
followed by MALDI MSI analysis all from a single tissue section. In addition, tissue 
sections were shown to be fragmented following direct application to a stretchable 
membrane yielding an increase in pixel density of over 25-fold. These types of analyses 
enabled more information rich data to be collected from increasingly small regions of 
tissue and also allow for the future expansion of these methods. Furthermore, Aplysia 
californica neurons were isolated and cultured in order to allow for neuronal process 
development. Various sample preparation protocols were explored in order to preserve 
cellular morphology while also allowing for SIMS imaging of specific analyte classes at 
high spatial resolution (< 1 µm). Additional experiments are described that enabled other 
projects and/or evaluated current MSI approaches. In summary, these method 
development projects have improved the spatial resolution, the information content and 
expanded the applications that are possible through MSI. 
  
 
3
 1.2. Mass Spectrometry Imaging Techniques and Instrumentation 
The spatial distribution of molecules in biological systems has been imaged using a 
variety of techniques including immunohistostaining, autoradiography, 
immunofluorescence and others.13 These techniques require that the analyte of interest be 
tagged in order to determine its special distribution. MSI presents an alternative to these 
traditional techniques where hundreds of analytes can be imaged in a single experiment 
without the development of tags for each analyte.14-36 
 MSI of biological samples has opened the door for experiments requiring spatial 
information from samples. The performance and information content from MSI can be 
striking. Sample preparation is frequently the most important step within the analysis of 
tissue by MSI that determines the success of the measurement.37-41 Sample preparation 
requires the careful selection and preparation of tissues in a fashion that prevents or limits 
analyte redistribution within the tissue and without introducing contamination onto the 
tissue surface. Following sample preparation, samples are typically introduced into a 
vacuum environment for analysis, although atmospheric pressure techniques, including 
desorption electrospray ionization, also exist.30, 42-44 The samples are then interrogated in 
one of two modes: microprobe or microscope. Microprobe mode involves rastering the 
sample across a fixed ionization position while microscope mode rasters the ionization 
source over the stationary sample, allowing for the collection and detection of ion in two 
dimensions. A full mass spectrum is acquired from each position on the sample and then 
ion images are reconstructed using color to represent the intensity of signal at specific 
positions on the sample. These images are then used to indicate where an analyte is 
4
 localized within the sample which may lead to the identification of analytes of interest 
that have interesting distributions or the observations of analyte co-localization. 
 Mass spectrometers consist of three primary components: an ionization source, a 
mass analyzer and a detector. The mass spectrometers used here differ in ionization 
source but employ similar mass analyzers and detectors. Prior to MALDI analysis, an IR 
or UV absorbing organic acid (matrix) is applied to the sample, typically by spraying or 
printing, in a homogeneous fashion that allows for matrix-analyte co-crystallization to 
occur. MALDI matrix application is discussed in more detail in Chapters 2, 3, 4, 7 and 8. 
Upon irradiation of the sample by the laser, the matrix absorbs energy which leads to 
rapid, localized heating of the sample causing the sample to vaporize into a plume 
consisting of charged and neutral species of matrix, analyte and matrix-analyte species. 
These ions are predominately of singly charged ions which simplifies data analysis as the 
m/z represents the mass of each signal. The laser spot size for MALDI MSI experiments 
can be as small as 10 µm on commercial instruments. However, most MALDI laser spot 
sizes are larger than 50 µm. Custom instrumentation for MALDI ionization sources has 
also been used in the microscope mode in order to achieve higher spatial resolution 
images.45, 46 MALDI MSI has become widely used for the spatial analysis of biological 
samples owing to its broad mass range that encompasses many classes of biomolecules 
including lipids, peptides and proteins.  
 SIMS employs a primary ion source in order to generate secondary ions from the 
sample surface. While SIMS has traditionally been used for the analysis of inorganic 
species47-49, biological applications of SIMS are becoming wide spread.21, 22, 28, 34, 37, 50, 51 
There are many different primary ions that are commonly used for biological analysis 
5
 including Ga+, Aun+, Bin+ and C60+.19, 21, 52 During analysis, the primary ions are 
accelerated toward the sample surface with applied voltages of ~20-40 keV. When the 
primary ions impact the surface, a plume forms containing neutral and charged molecules 
and molecular fragments. The ions within this plume are extracted by the application of a 
potential similar to the MALDI process. SIMS imaging is primarily used for the analysis 
of low molecular weight species at high spatial resolution. When using an atomic primary 
ion source like Ga+ or Au+, the ion impacts the surface and penetrates significantly into 
the surface on the order of nm and produces primarily fragments of molecular ions which 
complicate the accurate identification of ions. The advent of cluster ion sources allowed 
SIMS imaging of molecular ions as it produces higher ion yield and lower 
fragmentation.19, 21, 52 In addition, cluster ion sources erode the surface differently that 
atomic sources as they penetrate less deeply, rather creating a crater at the point of 
impact. SIMS sample preparation strategies that have been employed previously include 
freeze-fracture53-55, metal coatings56-59, cell preservation28, 34, 41 and matrix-
enhancement22, 60 among others. Sample preparation strategies for SIMS of cultured 
neurons are discussed and evaluated in Chapter 5.  
 Both of these instruments use a time of flight (TOF) mass analyzer. This type of 
analyzer functions by extracting ions at a relatively high potential, typically > 20 kV. 
This potential accelerates ions into a flight tube which is a drift region where no voltage 
is applied. Within this region, ions are separated based on their mass-to-charge (m/z) ratio 
as governed by the kinetic energy relationships as derived below:  
 
𝐾𝐸 = 12𝑚𝑣2 Equation 1.1 
6
 Kinetic energy (KE) is imparted to each ion equally and therefore a relationship between 
mass (m) and velocity (v) exists as shown above for a given ion:  
 𝐾𝐸 = 𝑧𝑉 Equation 1.2 
Because the amount of KE is related to the charge (z) of the ion and the voltage (V) 
applied, a relationship between mass and charge can be arrived at by setting the two 
equations for kinetic energy equal to one another. In addition, the velocity can be 
represented as the fraction of distance (L) over time (t). 
 12𝑚�𝐿𝑡�2 = 𝑧𝑉 Equation 1.3 
By then rearranging the equation, the m/z ratio is found to be related to the voltage and 
length, both constants during an acquisition, and the time it takes an ion to travel from the 
source to the detector. 
 𝑚 𝑧⁄ = 2𝑉𝑡2𝐿2  Equation 1.4 
Because of the relationship shown in Equation 1.4, a TOF analyzer has a theoretical m/z 
range from zero to infinity distinguishing it from other mass analyzers such as 
quadrupoles and ion traps. This type of mass analyzer is therefore well suited for 
detecting a wide range of masses from lipids to proteins. In addition, this type of mass 
analyzer is well suited for MALDI and SI ionization as both are pulsed ionization 
techniques. The TOF mass analyzer measures the amount of time from ion formation 
until detection; with modern electronics and digitizers, the mass accuracy can be 1 part in 
70,000. When using MALDI or SI ionization, there is an initial dispersion of kinetic 
energies as a result of the ionization process and the randomly oriented directions of 
movement of ions prior to the extraction voltage being applied. To compensate for the 
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 slight differences in kinetic energies, delayed ion extraction and/or a reflectron or other 
electric or magnetic field that alters the path of the ion can be employed. The SIMS 
instrument uses a series of three electrostatic analyzers (ESA) which cause the ions to 
turn 270º prior to detection. The MALDI instrument employs both delayed ion extraction 
and a reflectron in order to compensate for the differences in kinetic energies. Delayed 
ion extraction works by delaying the application of the extraction voltage (typically by 
40-200 ns depending on the m/z range of greatest interest) allowing ions to lose their 
initial kinetic energy prior to extraction. A reflectron, similar to ESAs, applies a voltage 
altering the direction of ion flight. When these voltages are applied, ions with a larger 
kinetic energy will penetrate further into the electric field prior to altering their flight path 
causing them to take a slightly longer path to the detector. This difference in flight 
distance compensates for the kinetic energy differences upon entry into the electric field 
thereby reducing the spread of ions of the same m/z in time when they reach the detector.  
 
1.3. Dissertation Overview 
 A variety of method development projects related to MSI are presented here with 
particular focus on methods that provide higher information content, improvements in 
spatial resolution and preservation of biological morphology for analysis. The work 
presented in Chapter 3 was published in Chemical Science in 2011 and details the 
extension of the stretched tissue method for the analysis of lipids, peptides and proteins 
within a single data acquisition.6 In addition, the work presented in Chapter 4 is being 
prepared for submission in a shortened form for publication as a technical note. This 
work also extends the applications of the stretched sample method by removing the glass 
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 beads thereby simplifying the data acquisition and analysis process significantly. Chapter 
5 is in preparation for submission as an article detailing the evaluation of several sample 
preparation approaches for use with cultured invertebrate neurons. Chapter 9 is also in 
preparation for submission; this chapter details chemical education research that 
investigated the correlations between calculator use and student learning. The remaining 
chapters represent smaller projects that are tangential to other projects or experiments that 
were published within the context of a larger body of work.  
 In Chapter 3, the stretched sample method, which was previously developed in the 
Sweedler group7, 12 and adapted previously as a MSI sample preparation method10, 11, has 
been extended for the analysis of lipids, peptides and proteins within a single tissue 
section.6 While the stretched sample method allowed for the imaging of peptide 
distributions within the nervous system, the localization of proteins also plays an 
important role in neurological function and has previously been investigated within the 
brain and spinal cord.25, 61, 62 The most abundant of these proteins, myelin basic protein, 
has been shown to decrease with age.62 In order to allow for the detection of proteins 
using this approach, different enzymes were covalently attached to different colors of 
glass beads and mixed together to form a “mixed-bead” substrate. This substrate, 
following stretching, produced isolated tissue fragments located on individual, isolated 
glass beads. Taking advantage of that isolation, enzymatic digestion was performed on 
these isolated beads without analyte migration between beads or bead types. Performed in 
this manner, tissue pieces, digested with trypsin and chymotrypsin as well as undigested 
tissue, were present within a single sample for analysis. Following data acquisition from 
each individual bead, data sets were analyzed based on bead type and identifications of 
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 protein localization determined based MS/MS data collected from solution phase 
digestion experiments. In order to perform these digestion experiments, a remodeled 
condensation chamber was produced that allowed for extended thermal cycling of 
samples to allow time for enzymatic digestion to occur. This new chamber is described in 
detail in Chapter 7 in addition to an evaluation of the performance of the original 
chamber and the new chamber. This work represents an example of the type of 
multiplexed chemical analysis that can be performed using the stretched sample method 
platform by performing surface modifications on the glass beads to be used for in situ 
sample treatment. 
 The features of biological tissue come in all sizes and the efficacy of MSI is 
dependent upon its ability to visualize those features. A quick, robust technique is 
presented in Chapter 4 that enhances spatial resolution for MSI. When applying MSI to 
biological tissues, there are many different factors that can limit spatial resolution 
including laser spot size, matrix application and analyte concentration. Especially 
beneficial when the laser spot size or the matrix spot size is limiting, stretched tissue 
mounting is capable of increasing pixel density by more than 25-fold by physically 
stretching and fragmenting the tissue into pieces, that are almost all smaller than 50 µm 
in their longest dimension, prior to matrix application and data collection. While results 
are most pronounced for imaging that is limited by the laser spot size or the matrix spot 
size using this method, it can be used to enhance the spatial resolution under other 
conditions as well.  
 The investigation of cells at subcellular spatial resolution by SIMS has impacted the 
biological community by making discoveries including vitamin E being present at 
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 increased levels along the soma-neurite junction23 and the different lipid profiles that are 
present at the conjunction site of mating Tetrahymena17. SIMS imaging has demonstrated 
its ability to address fundamental biological questions by providing high spatial 
resolution images of biological systems for analytes that may not be easily imaged with 
other methods. In Chapter 5, sample preparation methods are explored for the treatment 
of cultured neurons from Aplysia californica. These neurons produce growth cones and 
extend their neuronal processes during culturing. By culturing for longer periods of time, 
neuronal networks can also be generated. These cultured neurons, upon initial 
investigation, presented an analytical challenge in terms of the robustness of the neurons 
for analysis in ultra-high vacuum while maintaining cellular morphology, in addition to 
having low ion yield. In order to address these challenges, various preservation and 
sample treatment protocols were investigated to determine their efficacy in providing 
samples that contained morphologically intact neurons that generated sufficient ion yields 
for imaging – especially focused on small features including growth cones and nerve 
terminals. These techniques will be employed as cultured neurons form neuronal 
networks during future investigations in the Sweedler laboratory.  
 SIMS’s role within the field of MSI will only grow with the advent and incorporation 
of cluster ion sources, characterized by higher ion yields and lower fragmentation, into 
instruments specifically targeting biological samples. In addition to developing methods 
for cultured neurons, a novel MALDI/SIMS instrument63 located in Prof. Nicholas 
Winograd’s laboratory at Pennsylvania State University was used to explore the 
capabilities of this instrument for performing single cell analysis. These investigations, 
that are described in Chapter 6, were performed prior to commencing a similar 
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 modification of an ABI QStar instrument in the Sweedler laboratory in order to determine 
what features could be improved upon. In addition to assessing the instrumental 
capabilities, imaging was performed on single isolated neurons that included the 
observation of a punctate vitamin E distribution along the neuronal process of unknown 
origin and the tandem MSI of a single cell for vitamin E in order to demonstrate the use 
of the instrument to identify analytes based on fragmentation data, something at the time 
not possible using any commercially available instrument. 
 Sample preparation is of the utmost importance when performing MSI experiments.38, 
40 Many of the considerations of sample preparation have already been discussed; 
however, Chapter 8 presents work performed in order to characterize both the 
performance of chemical printers and a commercially available MALDI-TOF-MS. The 
use of chemical printers is a popular method for the application of MALDI matrix or 
other reagents prior to performing MALDI MSI experiments.26, 61, 64 Using a chemical 
printer allows the user to have exact control over how much solution is deposited in each 
position. In addition, the analytical issues of analyte migration and insufficient analyte 
extraction are completely avoided. The chemical printers were characterized, with respect 
to printed drop size, achievable spot-to-spot distances and how varying the number of 
drops per printing iteration affects these parameters, using MALDI MSI, SIMS imaging 
and fluorescence imaging. In addition, matrix application techniques were compared for 
achievable limit of detection by MALDI MSI. This information also characterized the 
MALDI MS as having a limit of detection in the sub-attomole range for samples 
deposited in this manner. This may lead to advances in matrix application techniques as 
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 well as sample deposition methods that use smaller volumes in order to enhance the limit 
of detection for MALDI MS analysis. 
 In addition to these laboratory science investigations, a chemical education project is 
presented in Chapter 9 that focused on the use of calculator technologies within the 
general chemistry classroom. While the use of technology in classrooms is generally 
encouraged and frequently improves the performance of students on achievements 
measures, investigation of the students’ use of technology as it relates to their thought 
development and problem solving skills is often overlooked. Are students performing 
better merely because the technology allows them to work more quickly and with fewer 
errors, or are students actually benefitting intellectually from the use of these 
technologies? Questions of this nature were investigated in four sections of general 
chemistry at the University of Illinois during the fall semester of 2006. 
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 Chapter 2 
 
Overview of Mass Spectrometry Imaging 
 
 
 
2.1. Notes and Acknowledgements 
 This chapter is an excerpt from a manuscript to be submitted to the Analyst as a 
“Grand Challenges” article. The manuscript as a whole is entitled “Heterocorrelated 
Imaging for Characterization of Spatially and Temporally Complex Samples”. While this 
article focuses on heterocorrelated imaging, the use of multiple imaging modalities to 
enhance the amount of information collected about a single sample, my contribution was 
in the description and review of mass spectrometry imaging as a field. I would like to 
thank Prof. Jonathan Sweedler for inviting me to participate in this exciting review for 
publication.  
 
2.2. Mass Spectrometry Imaging Overview 
 Perhaps because of the parallel to vision, optical spectroscopies developed into 
imaging techniques soon after their creation, which is a stark contrast to mass 
spectrometry (MS). MS is well-suited for the analysis of a wide variety of sample types 
including highly complex biological tissues. MS collects large amounts of chemical 
information without the need to label or tag the analytes of interest. In addition, the 
19
 multiplexed detection abilities of MS allow for the characterization of hundreds of 
chemical species within a single experiment. Spatially-resolved MS capable of producing 
chemical distribution maps has been developed over the last few decades, beginning with 
secondary ion mass spectrometry (SIMS) imaging of inorganic surfaces in the early 
1970s.1 Since then, mass spectrometry imaging (MSI) has expanded into the analysis of 
biological samples using a variety of MS techniques, including SIMS and matrix-assisted 
laser desorption/ionization (MALDI) MS.  
 MSI involves analyzing a surface using an ionization source that is capable of 
probing a well-defined region of the sample. By physically translating the sample or by 
rastering the ionization source across the sample, complete mass spectra are acquired 
from individual location across the sample. If these points are plotted as an ordered array, 
an image is created. Many factors affect the image quality. Image quality is characterized 
by the figures of merit of spatial resolution, mass accuracy, sensitivity and effective mass 
range. These characteristics will be affected not only by the MS ionization technique, but 
also by sample preparation protocols. During the analysis of MSI data, the amount of 
information present can be quite large (sometimes exceeding 100 GB), warranting the use 
of extensive data processing and reduction techniques. Here, a review of MSI, a rapidly 
growing field that is being applied to a wide range of sample types – from 
semiconductors2 to star dust3 to whole body sections4 – to map the distribution of 
analytes from single atoms to intact proteins, is presented in order to demonstrate the 
breadth of applications that can be addressed using this technology. 
 MS analysis can be performed on samples ranging from solids to gases while 
analyzing chemical species from over the entire gamut of masses from hydrogen to 
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 macromolecules over 1 MDa. This breadth of applications is due in part to the wide range 
of ionization techniques that are available to convert a sample from its native state into a 
gaseous ion. Commonly used ionization techniques in MS include electron5, chemical6, 
inductively coupled plasma7, fast atom bombardment8, electrospray (ESI)9, MALDI10 and 
SIMS11, among others with these approaches rapidly expanding. Of these techniques, 
only a few have been used to investigate spatially-resolved information from a sample 
surface. Here, MALDI and SIMS, are highlighted. Both of these techniques utilize an 
ionization source that ionizes analytes from the sample surface within a discrete area and 
targets a particular range of masses for analysis. 
 
2.3. Secondary Ion Mass Spectrometry 
 SIMS uses a primary ion beam to bombard a sample surface, sputtering ions and 
neutrals. The use of a primary ion to produce secondary ions from a surface was first 
observed by J.J. Thompson in 191012 and developed into a working mass spectrometer in 
the late 1940s11. SIMS was the first MSI technique developed with obtainable spatial 
resolution on the order of nanoscale (~100 nm).13, 14 SIMS is ideal for the imaging of 
atomic and small molecular ions, including carbohydrates, lipids and metabolites.  
Samples are minimally prepared by placing a section or intact sample on a metal or 
silicon target which is inserted into the mass spectrometer.  Primary ions then impact the 
surface sputtering ions from the top 10–20 nm of the sample surface at sub-µm lateral 
spatial resolutions. SIMS has been commonly used for surface analysis of inorganic 
solids15, 16 and to image atomic ions from biological samples17, 18. Since then 
advancements in sample preparation and instrumentation have enabled complex 
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 biomolecules, including vitamin E19 as well as lipid fragments20, to be imaged from 
single cells and tissue sections. Two different categories of primary ion sources are 
currently utilized in the field of SIMS imaging – atomic and cluster. These two types of 
ion sources produce drastically different results upon impact with the sample surface.  
 
2.3.1. Primary Ion Sources 
 Available primary ion sources include numerous chemical species including Ar+, Xe+, 
O2+, Cs+, Ga+, In+, SF5+, Aun+, Bin+ and Cn+. The ions in these sources are generated 
through several different processes. For gaseous elements or molecules, electron impact 
is frequently employed. Electron impact, a common ionization source for gas 
chromatography, uses a beam of electrons to collide with the gaseous atoms or molecules 
and remove an electron a gas producing a positive ion. Electron impact sources tend to 
yield ion beams with high currents, but are poorly focused. Cs+ ion beams are typically 
created using surface ionization which vaporizes Cs through a porous W plug followed 
by extraction of charged species using high voltages. Cs sources can be designed to 
provide a high current or a highly focused beam. Finally, metals that are liquid at room 
temperature or with low melting points are ionized using a liquid metal ion source 
(LMIS). In this type of source, liquid metal is extruded at the tip of a needle forming a 
Taylor cone under a high electric field. Metal ions are formed through field evaporation 
and extracted into an ion beam. Typically, this type of ion source typically can be focused 
to a small ion beam for high resolution imaging and can be designed as a pulsed source, 
making it ideal for static SIMS. Many of these ion sources have been employed during 
the analysis of biological samples.20-23 
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  While there are several methods used to generate primary ions, the resulting ions can 
be categorized as either atomic ion sources or cluster ion sources. When atomic ion 
sources are used, the ion penetrates deep into the sample surface causing the majority of 
the energy to be absorbed beneath the sample surface.24 This process leads to a low ion 
yield and produces significant molecular fragmentation, complicating the interpretation 
of mass spectra and the identification of unknown signals. Notwithstanding, the use of 
atomic ion sources for the analysis biological samples is successful and widely reported 
especially for the analysis of low molecular weight species.19-22, 25, 26  
 Analytes detected from biological samples using an atomic ion source include 
vitamin E19, cholesterol20-22, 25 and lipid species20-22, 25, 26. Monroe et al. used a Au+ LMIS 
to image the subcellular distribution of vitamin E within a single, isolated neuron from 
Aplysia californica.19 Vitamin E was present at higher levels along the soma-neurite 
junction and, based on control experiments, was actively transported to this area. The 
distribution of vitamin E had not been previously reported using any other imaging 
technique due to its integration into the lipid bilayer, precluding its labeling for imaging 
with traditional optical techniques. This demonstrates one of the strengths of MSI – 
unlabeled, discovery science. The largest MS images collected to date (~11.5 million 
pixels) were also imaged using a Au+ LMIS by Amaya et al.22 Ion images for phosphate, 
cholesterol, arachidonic acid, palmitic acid, palmitoleic acid, stearic acid, oleic acid and 
linolenic acid were reported from brain sagittal sections from zebra finches at a spatial 
resolution of 2.3 µm. This study represents one of the most ambitious MSI experiments 
to date and demonstrates that SIMS imaging is capable of producing high resolution 
images allowing the visualization of morphological features on both the gross and micron 
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 spatial regimes within a single experiment. While atomic ion sources have been used 
successfully to image many biologically relevant species, the advent of cluster ion 
sources brings improved ion yield and surface sensitivity. 
 Several studies, experimental and theoretical, have compared the performance of 
atomic and cluster ion sources for different sample types.24, 27-29 The SF5+ cluster ion 
source is one of the first reported cluster sources to be used in SIMS analysis. The 
advantages of this cluster ion source were reported in the late 1980s by Appelhans et al. 
who examined the ion sputter yield for several low molecular weight pharmaceutical 
compounds (m/z 137-300).29 Comparing the yields from SF5+ and Cs+ ion sources, an 
improvement factor between 9- and 24-fold for analyte signal was observed for the 
different compounds under examination. With the development of additional cluster ion 
sources (C60+, Aun+/-, Bin+), larger increases in ion yields were observed. Belykh et al. 
conducted a study comparing ion yields from Nb and Ta surfaces for Aun- (n=1-3) 
primary ions. Their results indicated that yields of Nb+ and Ta+ were increased 10-fold 
and Nbn+ and Tan+ were increased up to 1,000-fold when comparing Au3- to Au- when 
normalized for ion current and particle energy. Molecular dynamic simulations by 
Postawa et al. compared the ion yield using Ga+ and C60+ ion sources from a Ag (111) 
surface. These simulations indicated that the total ion yield was improved by 10-fold 
while the ion yield of Ag5+ species experienced a 240-fold increase in signal, 
demonstrating that most of the improvement in ion yield for cluster ion sources is 
observed in the higher m/z range. In addition to ion yield, Baker et al. also was able to 
characterize the information depth from ion sputter experiments performed with 
asymmetric liposomes.30 These experiments demonstrated that C60+ ions penetrate less 
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 than Au+ or Au3+ ions when impacting a biological membrane, indicating that C60+ is 
more surface sensitive than either Au ion sources used in this study. These studies have 
effectively established that cluster ion sources have a greater sputtering yield and are 
more surface sensitive than their comparable atomic ion sources. As a result, cluster ion 
sources provide greater sensitivity for imaging experiments. 
 The analysis of intact molecules from biological samples has been greatly improved 
by the development of polyatomic ion sources, which produce significantly less analyte 
fragmentation compared to atomic sources.31-34 The advent of these polyatomic ion 
sources, including Cn+, SF5+, Aun+ and Bin+, have led to the successful analysis of intact 
biological molecules.35, 36 With this type of ion source, larger biomolecules, including 
lipids and peptides, have been observed as molecular ions rather than fragments. Novikov 
et al. demonstrated this increase in signal counts for small peptides ranging in m/z from 
868 to 1140.37 Especially with lipids and peptides, it is important to detect the molecular 
ions rather than the fragment ions which arise from countless related species that may 
each have different spatial distribution patterns.20, 38  
 Recently, biological imaging using cluster SIMS sources has increased markedly 
including imaging studies of the brain39-42, liver43, skin44, kidney44, muscle40 and 
atherosclerotic lesions45 using Aun+ 31, 40, 42 and Bin+ 39, 41, 43-45 cluster sources with an eye 
to medical applications including atherosclerosis45, Fabry disease44 and Duchenne 
muscular dystrophy40. It is important to note that atomic ion sources can typically be 
focused to a spot size of 100-200 nm42, 46; however some cluster sources are not able to 
be focused to as small of a beam spot. Bin+ and Aun+ cluster sources can be focused to 
100-300 nm46, 47 and 200-250 nm42, 47, respectively, while SF5+ and C60+ are only able to 
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 be focused to 1 µm46 and 3 µm42, 47, respectively. Studies using cluster ion sources 
include the detection of intact lipids such galactosylceramide at 835 and 851 m/z within 
brain tissue39 and members of the phosphatidylcholine (PC) family42 (32:0, 34:1 and 
36:0) which would all be characterized by the choline fragments, typically observed by 
atomic ion source imaging at 86 and 184 m/z. The ability to image these intact molecular 
ions has expanded the application of SIMS to biological samples. Further improvements 
in ion yield could lead to the ability to apply SIMS to analyses of more mass limited 
samples including subcellular MSI. 
 
2.3.2. Sample Preparation 
 While significant improvements in ion yield and surface sensitivity have been 
observed by employing cluster ion sources for the analyses of biological tissues,31, 32, 35 
appropriate sample preparation methods also offer improvements in image contrast, ion 
production, detectable m/z range and sample integrity. A wide variety of chemical 
treatments prior to sample analysis have been employed including thin metal coatings21, 
48, 49, volatile salt rinses50, 51, chemical preservations50 and coating with MALDI matrix 
for matrix-enhanced SIMS (ME-SIMS)21, 52, 53.  In addition, the development of freeze 
fracture techniques enables MSI analysis within single cells.54-57 Each of these treatments 
is ideal for particular sample types and for imaging specific analytes.  
 Thin metal coatings have been used since 2002 to improve the ion yield of higher 
molecular weight species (>300 Da).49 The exact method of signal enhancement by metal 
coatings is believed to occur during both the desorption and ionization phase of SIMS, in 
part by “softening” the impact of the primary ion on the sample surface.48, 53, 58 
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 Additionally, it has been shown that metal coatings are highly beneficial for the analysis 
of non-conductive samples in order to prevent sample charging, which has deleterious 
effects on ion yield due to disruptions in the extraction field.59 Delcorte et al. 
demonstrated detection of intact organic polymers up to 4,000 Da49 and characterized an 
ion yield improvement of over an order of magnitude associated with sample 
metallization for the polyalanine 9-mer. Altelaar et al. later published the application of 
metallization to neuroblastoma cell cultures and thin tissue sections of rat brain. For the 
thin tissue sections, ion detection was improved by more than two orders of magnitude 
for masses between 500 and 1,000 Da. These results were also observed with imaging 
single cells where molecular ions up to 1130 Da were observed using a thin Au coating. 
Ion images from single cells consisted of two main distributions: outlining the cell and 
ubiquitously within the cell. These observation patterns are frequently observed when 
employing metal-assisted SIMS. Metal-assisted SIMS is especially adept at enhancing 
higher molecular weight signals during analysis, allowing for the detection of molecular 
ions that typically would not be observed due to fragmentation. 
 Due to the fragile nature of biological samples, especially single cells, samples can be 
fixed or preserved prior to analysis. Several protocols exist for fixing tissue that are 
compatible with SIMS analysis including cryofixation50, 60, ethanol fixation50, 61, 
glutaraldehyde (GA) fixation50, 62-64 and OsO4 fixation50, 65. The MALDI MSI of tissue 
that has been formalin-fixed and paraffin-embedded is complicated by the cross-linked 
nature of the proteins in the sample unless a reactive matrix is used like 2,4-
dinitrophenylhydrazine or enzymatic tissue digestion.61 In addition to fixation, rinses 
using water or solutions of volatile salts (e.g. ammonium formate and ammonium acetate) 
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 are often employed especially for samples with a high salt content.50, 51 Malm et al. 
investigated combinations of these treatments for their efficacy for preparing fibroblasts 
for SIMS analysis.50 GA was shown to preserve cellular morphology better than 
cryofixation as determined by scanning electron microscopy. GA and cryofixed cells 
were shown to have similar ion yield with respect to a wide range of analytes from 
inorganic salts to lipids and covering a broad mass range from 23 to 761 m/z. Freeze 
drying was shown to lead to higher ion yields than samples that were dried with ethanol; 
however for most ions the improvement was less than one order of magnitude. Many 
different protocols exist for the pretreatment of samples for SIMS imaging and the best 
method will depend on the specific tissue and target analyte for a given experiment. 
 ME-SIMS was first reported in 1996 by Wu et al.52 and Nicola et al.66 who noted 
significant improvements in ion yield, a reduction in fragmentation and an  increased 
range of detected m/z values. ME-SIMS has been characterized by molecular dynamics 
studies67 and has been used to study polymers68, lipids21, 69 and even peptides and small 
proteins23 (up to ~3,500 Da). Luxembourg et al. studied lipid standards, including PC, 
phosphatidylglycerol, phosphatidylethanolamine and phosphatidylglycerol, observing 
that intact lipids are detected at a higher signal relative to their fragments in ME-SIMS 
when compared to SIMS by a factor of ~5. The use of MALDI matrix to enhance SIMS 
ion yields and “soften” the SIMS ionization process are well established and are also 
being applied to biological tissues including the cerebral ganglia of pond snails (Lymnaea 
stagnalis)21, 53, the neurosecretory organ of cockroaches (Blaberus giganteus)21, the brain 
from rats70 and cultured oligodendrocytes and astrocytes71. Most studies using ME-SIMS 
use 2,5-dihydroxybenzoic acid21, 23, 52, 53, 66, 69, 70 although others have been reported52, 71. 
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 The matrix in SIMS does not have a photochemical role as it does in MALDI; however it 
still plays a role in the extraction and potentially the protonation of analytes.52 McDonnell 
et al. employed ME-SIMS for the analysis of the nervous system from pond snail and 
cockroach. They found that ME-SIMS also enhanced ion yields in the low (<500 Da) 
mass range which allowed them to observe chemical species, including cholesterol, 
which was not observed using standard SIMS. However, it should be noted that the signal 
from PC fragment at 184 m/z was diminished within the matrix-coated sample.  
 In addition to treatments designed to protect the integrity of the cell or extract the 
analytes of interest, freeze fracture methods have been used in order to access the interior 
of cells.54-56, 72-75 Freeze fracture is a commonly used way to fragment cells into two half 
cells with the interior of the cell now exposed for analysis. This is usually done by 
placing cells between two substrates (e.g. Si wafer) and separating the two substrates 
using mechanical force. The fracturing should not be performed using a blade of any 
kind, but rather by separating two surfaces using mechanical force with the sample 
sandwiched in between them. This procedure is ideally performed under high vacuum at 
a temperature (<150 K) where there is equilibrium between depositing and subliming 
water. Freeze fracturing has been used for the analysis of PC12 cells54, 72, 73, 75, JJ74 
cells74, liposomes55, 56 and red blood cells55. Lanekoff et al. were able to freeze fracture 
PC12 cells and successfully image the interior of the cells. The images show the presence 
of K+ and lipids (PC) inside the cell and Na+ outside of the cell as expected.72, 73 The 
capability to freeze fracture cells has only been realized in a small number of SIMS 
instruments, but the methodology shows promise in terms of accessing information that is 
typically undetectable using SIMS imaging. 
29
   
2.3.3. Data Analysis 
 SIMS imaging benefits from the multiplexed detection provided by time of flight 
(TOF) MS which enables the imaging of hundreds of molecular species during a single 
imaging experiment without preselection of the analytes of interest. Imaging experiments 
therefore produce large data sets for each sample imaged. The processing and analysis of 
these images can be very time consuming, especially for large comparative studies. In 
addition, within any data set, there is a natural statistical variation that can be removed 
prior to creating ion images by employing appropriate statistical methods in order to 
illustrate a more accurate depiction of analyte distribution by removing the variance 
associated with sampling. 
 One of the most common methods used for data reduction is principal component 
analysis (PCA). PCA is a mathematical process whereby large data sets of potentially 
correlated variables are transformed into orthogonal variables, called principle 
components. The first principle component is determined such that it accounts for the 
maximum amount of variance from the original data set. Each subsequent principal 
component is determined by fulfilling this requirement and also that it must be 
orthogonal (not correlated) to any of the previous principle components. PCA can be 
applied to a wide range of data sets, including images. SIMS imaging studies can use 
PCA to determine the differences between regions of the sample, useful when evaluating 
categorical information (e.g. diseased and healthy, knockout and wild type).76, 77 Vaezian 
et al. performed SIMS imaging to differentiate between different model lipid systems.76 
Differentiation between these systems is difficult due to the structural similarity between 
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 the species, leading to the production of common fragment ions during analysis. PCA 
was applied to these data sets and successfully differentiated between the different lipid 
compositions of the membranes using principle component images which take into 
account the peak intensities of a combination of several analytes thereby enhancing 
image contrast. While most PCA applications within SIMS imaging have been to 
investigate model systems to date, the methodology is in place for more ambitious studies 
that examine different biological states on the cellular level. 
 With traditional (numerical) data sets, countless statistical approaches exist in order to 
correlate data. One of the most basic of these is standard deviation, typically referenced 
by error bars in graphs and associated errors following numerical values. However, 
imaging studies do not have a homologous analysis provided within most data processing 
systems; rather methods are provided to increase the contrast of images highlighting the 
small differences in signal. Piehowski et al. have developed a statistical model based on 
Poisson counting statistics, which rely on the conditions that an average rate for an event 
is known and that each event occur independently of one another.78 Piehowski examined 
ion counts from a standard sample in order to determine an experimental counting 
distribution. Modeling was then used to account for the expected variance in ion counts 
observed from a single spot. By factoring this variance into image generation, images 
were created based on the probability of a particular ion count arising from a given 
Poisson distribution as shown in Figure 2.1. Frame A shows the original ion image 
including all signals and Frame D shows the ion image of all signals determined to be 
part of the Poisson distribution for cholesterol rather than noise. Poisson modeling 
provides a useful reminder that even images have variance associated with the signal 
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 observed from each pixel, which becomes increasingly important when analyzing low ion 
signal data sets.    
 
2.3.4. Future Opportunities 
 Over the last five years, there has been significant growth in the area of depth 
profiling and 3-dimensional (3D) imaging of molecules from biological systems using 
SIMS.79-85 These studies have looked at a range of biological samples from bacteria to 
tumors. While atomic species have been imaged using depth profiling for years, the 
ability to detect molecular species during depth profiling was developed more recently. 
3D imaging is typically performed in SIMS by acquiring a 2D image followed by 
controlled etching to remove a layer of the sample either using the same ion source or a 
different one if the primary ion source is not well-suited for etching. This process can be 
repeated iteratively to produce serial 2D images that are then stacked and converted to 3D 
representations using visualization and mathematical software. The spatial resolution is 
dependent upon the ion source, as discussed previously, ranging from ~100 nm to ~5 µm. 
Depth resolutions also vary depending upon the etching ion source ranging from tens of 
nanometers to microns.79-81 Depth resolution has been improved using a “wedge” 
technique where a sample is exposed at a shallow angle (<0.5º) allowing lateral 
resolution to compensate for depth resolution.82, 86 Using this method, depth resolutions 
as low as 1 nm can be achieved using a 5 µm ion beam.82 Flethcher et al. applied 3D 
SIMS imaging to Xenopus laevis oocytes and was able to detect several lipid species and 
cholesterol. These 3D images are shown in Figure 2.2. These images demonstrate the 
potential of SIMS to map the chemical location of molecular species in all 3 dimensions 
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 from biological samples. This capability will enable experiments that can address 
increasingly challenging biological questions that require analysis of both the surface and 
subsurface of biological tissues. 
 Tandem mass spectrometry (MS/MS) is tool that allows researchers to fragment 
molecular ions in order to identify the analyte of interest more confidently than using 
molecular mass measurements alone. MS/MS is used extensively to characterize 
peptides20, 38, 87, 88, proteins87, 89, 90 and lipids91 using MALDI and ESI MS. Until recently, 
there were no SIMS instruments capable of performing MS/MS experiments so 
fragmentation data from standards was used along with co-localization to attempt to 
identify unknowns. Instruments capable of fragmenting molecular ions during SIMS 
analysis were developed in the last few years by two independent groups –Winograd’s92 
and Vickerman’s93. These two systems represent the future of SIMS analysis where 
unknown signals from imaging can be fragmented and accurately identified using the 
same instrument. The PSU instrument is a hybrid MALDI/SI-MS/MS system that was 
modified from an ESI/MALDI-MS/MS ABI QStar XL using the commercially available 
oMALDI adapter. The MALDI source was attached to an extension chamber which 
housed additional ion optics and the C60+ primary ion source at a 45º angle of incidence 
with respect to the normal of the sample surface. The UM instrument is a lab-built SI-
MS/MS containing a novel combination of components that enable high spatial resolution 
3D imaging (5 nm depth resolution and 200 nm lateral resolution) by decoupling the 
ionization event from the mass determination, high mass accuracy (5 ppm) using a linear 
buncher, shorter imaging acquisition times through the use of a DC ion source (16 s to 30 
min), and MS/MS capabilities through a novel TOF-TOF configuration. In addition, this 
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 instrument houses two ion sources and includes a glove box for sample introduction into 
the vacuum environment. Both of these instruments have demonstrated their MS/MS 
fragmentation capabilities in addition to their MSI capabilities.93-97 Each of these systems 
offers the advantage of being able to fragment molecular analytes for MS/MS analysis 
enabling accurate identification of unknown signals during SIMS analysis. 
 
2.4. Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry 
 MALDI MS is a soft ionization technique developed in the mid-1980s for the 
analysis of large biomolecules (500-100,000+ Da) that produces primarily singly 
charged molecular ions, allowing for straightforward interpretation of the mass 
spectra.10, 98 MALDI MS offers low limits of detection (typically <100 amol for 
peptides and lipids 700-3,000 Da), making it suitable for high resolution imaging 
experiments directly off tissue.99 A breadth of biological models have been imaged 
using MALDI MSI including the mammalian spinal cord20, 38, Jonah crab brain100, 
Aplysia central nervous system101, 102, mammalian brain21, 99, 103-108, Lymnaea 
stagnalis53, mammalian kidney44, 106, skin44, mammalian testes109, cultured neurons110 
and even whole body sections of the rat4. Within these systems, different classes of 
molecules have been analyzed — lipids 44, 96, 104-106, 111-115, peptides20, 53, 99, 101, 116, 117, 
proteins4, 38, 108, 118 and metabolites4. 
 Briefly, MALDI MS works by irradiating a sample surface that has been 
homogeneously coated with an IR or UV absorbing organic acid (MALDI matrix) using 
an appropriate laser. This produces rapid, localized heating that vaporizes the sample and 
matrix into a plume containing matrix, analyte and matrix-analyte clusters as charged and 
34
 neutral species. The selected ions are extracted by applying a potential, which directs ions 
into a mass analyzer (frequently a TOF) which separates ions based on their mass-to-
charge (m/z) ratio. The ions are predominately singly charged ions, which simplifies data 
analysis as the m/z values correspond directly to molecular mass. Most MALDI 
instruments are capable of operating in either MS or MS/MS mode, enabling the 
fragmentation of unknown signals for identification. MALDI MSI is performed by 
rastering the sample stage while holding the laser focus in a constant position – termed 
microprobe mode. There are many factors which affect MS image quality (especially 
spatial resolution) including tissue preparation, matrix application and post-imaging data 
handling.  
 Spatial resolution and analyte extraction exist as competing interests in MALDI 
MSI, with various parameters affecting spatial resolution such as laser spot size, 
analyte abundance and analyte migration.119 In MALDI MS, the minimum spatial 
resolution obtainable on a specific instrument is dictated by the laser spot size, except 
in cases when an oversampling approach120 is utilized. Commercially available 
MALDI MS instruments employ either a nitrogen or frequency-tripled Nd:YAG UV 
laser with spot sizes between 10 and 100 µm. A thin tissue section is collected via a 
cryostat, thaw-mounted to a conductive surface (typically an indium-tin oxide (ITO) 
coated slide or a metal target) prior to matrix application.121 The minimum spatial 
resolution can be limited by analyte concentration if the analyte is present at low 
enough levels within the analysis area that it falls below the limit of detection for the 
instrument. Matrix application typically determines the obtainable spatial resolution 
of MALDI MSI and will be discussed at length. Prior to matrix application, it is 
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 routine to perform some type of tissue treatment in order to remove salts or other 
unwanted species thereby increasing the ion yield for the targeted analytes.    
 
2.4.1. Sample Preparation 
 Sample preparation strategies for MALDI MSI vary depending upon the type of 
tissue being imaged and the analytes of interest.70, 122, 123 Heeren and coworkers describe 
four stages of sample preparation involved in MALDI MSI: (1) tissue collection and 
embedding, (2) tissue sectioning and mounting, (3) rinsing and (4) surface modifications 
including matrix application. This discussion will focus on the final three steps assuming 
that the tissue has been collected surgically and flash frozen without the use of any 
embedding media. 
 
2.4.1.1. Tissue Sectioning and Mounting 
 Tissue sectioning is best performed in a cryostat typically near -20 ºC. The collected 
tissue must be affixed to a sample stage prior to sectioning. For many optical imaging 
techniques, Tissue-Tek O.C.T. or a similar polymer based substance is employed for 
mounting the tissue; however this can be problematic for MSI applications. Tissue-Tek is 
a polymer that can easily contaminate tissue sections if the blade or anything else comes 
into contact with it and then the sample. Success using other mounting media such as 
gelatin or even water has been shown to be beneficial.38, 101, 124, 125  Using either of these 
media, a planar surface can be created by sectioning through the embedding media which 
is not possible when using Tissue-Tek due to potential contamination. This allows for 
tissues to be placed on a surface that will ensure parallel sectioning through the tissue, 
which is especially beneficial for tissues that have extensions such as connective tissue. 
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 The tissue sections should then be applied to an appropriate substrate for imaging. The 
two most common substrates are ITO glass slides and metal targets; however the 
stretched sample method uses a stretchable membrane in order to provide sampling 
enhancement during imaging.38, 101, 125-127 Samples should be prepared and analyzed 
immediately or stored at -80 ºC in a sealed container until use, keeping in mind that 
typically fresher tissue yields better results. 
 
2.4.1.2. Rinses 
 Rinses are a common practice in preparing tissue sections for MALDI MSI. Rinses 
are performed in order to remove chemical species that have deleterious effects on the 
effective co-crystallization between the analytes of interest and the matrix. Matrix and 
inorganic salts crystalize in a mutually exclusive fashion, producing islands of salt 
interspersed in matrix.128 This will result in an inhomogeneous sample surface for 
analysis. As this affects analyte incorporation into the matrix crystals, analyte signal is 
also affected.70 The most commonly employed solvent to remove salts is ethanol. 
Typically tissue sections are either dipped into 70-90% ethanol or the ethanol is applied 
directly to the tissue via a pipette.122 Ethanol effectively removes salts and fixes the tissue 
without redistribution of high molecular weight analytes.122 In order to remove lipids 
from a sample either in order to improve peptide/protein ion signal or to expose 
additional regions of the tissue by rupturing cell membranes, different rinses must be 
employed. These rinses typically involve non-polar organic solvents including 
chloroform, xylene, hexane, toluene and acetone, which are all typical solvents for lipid 
extraction experiments.129 Due to the nature of these rinses, it should be noted that 
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 increased analyte diffusion is likely to occur during these rinses as lipid membranes are 
disrupted. Lemaire et al. reported increases in peptide and protein signal following 
chloroform treatment of brain sections129. Organic solvent rinses do not remove inorganic 
salts from the sample surface, therefore it may be useful to employ a combination of 
rinses prior to matrix application to improve selected analytes of interest.  
 
2.4.1.3. Surface Modification  
Prior to applying matrix to a sample, in situ enzymatic digestion of proteins for easier 
imaging using their digestion fragments has been developed due to MALDI MS’s 
improved sensitivity in the lower mass range. Currently, three methods have been 
published that perform enzymatic digestion: printing using the Shimadzu ChIP-1000108, 
130, spraying using the Bruker ImagePrep131 and digestion via immobilized enzymes on 
solid supports38. Digestion via printing using rat brain has first demonstrated the ability to 
characterize the protein distribution within a tissue section as images from intact protein 
correlated with tryptic peptide distributions.108 The sprayed application of trypsin was 
performed in order to break down formalin-fixation, paraffin-embedded tissue.131 This 
application of trypsin to preserved tissues using a sprayed application should also allow 
for the digestion of native proteins in unfixed tissues using a similar protocol. Finally, the 
immobilization of trypsin (and chymotrypsin) on solid supports for use with the stretched 
sample method allows for multiple enzymatic digestions to be performed in spatially 
resolved areas within a single tissue section.38 The imaging of proteins using MALDI 
MSI can be performed directly by detecting the molecular species or via detection of 
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 enzymatic digestion products which are able to be detected at lower levels than the intact 
proteins.  
For MALDI MSI experiments, the application of MALDI matrix has a large effect on 
sample quality. Matrix is commonly applied via printing4, 38, 104, 108, 132, spraying20, 38, 53, 68, 
101, 102, 109, 110, 124 or sublimation105, 106. These matrix application techniques each strike a 
balance between spatial resolution as it relates to analyte migration and sensitivity as it 
relates to analyte extraction.133 When a solution of matrix is applied to a sample surface, 
analytes are extracted and incorporated into the matrix crystals as the solvent evaporates. 
The longer these analytes remain in the solution phase the greater the fraction that will be 
integrated into the matrix crystals. However, longer extraction times used for extraction 
also lead to reduced spatial resolution due to lateral analyte diffusion. The rate of 
evaporation can be controlled by adjusting the solvent system used to apply the matrix. A 
robotic chemical printer mitigates analyte migration by depositing an array of matrix 
droplets on the sample surface. If additional extraction time is desired beyond the 
evaporation of the original droplet, additional solvent can be applied without affecting the 
spatial resolution. The achievable spot-to-spot spacing achievable by chemical printers 
(typically >100 µm) will ultimately determine the spatial resolution of the MALDI MSI 
experiment; however, this matrix application technique provides exact control over how 
much solution is applied to the sample surface.108, 133 Spraying matrix onto the sample 
surface is another common approach. This can be achieved used an artist’s airbrush or a 
piezo-assisted spraying device which are both commercially available in addition to using 
a thin layer chromatography sprayer.102, 103 Spraying produces small droplets (~20 µm) 
that coat the sample surface with a thin layer of small matrix crystals (<30 µm). The 
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 “wetness” of the application depends on the solvent composition and the sprayer’s 
distance from the sample. These parameters are most customizable when using a manual 
sprayer. The farther away from the sample and the greater the fraction of organic solvent 
will result in a dryer matrix application with smaller crystal size, but less analyte 
incorporation. Because of the small droplet size, spraying provides small matrix crystal 
size and relatively high spatial resolution accompanied by low analyte redistribution.133 
Separately or in combination with printing or spraying, application of a matrix seeding 
layer may be employed.4, 134 In order to seed a sample, matrix is ground into fine crystals 
using a mortar and pestle and then dispersed onto the sample surface through a sieve until 
a homogeneous coat has been applied. This method alone was found to have improved 
results compared to sprayed matrix134 and yielded improved results when used in 
conjunction with printing4 for the imaging analysis of lipid species. Subliming matrix 
onto the sample surface produces very small crystal sizes but little analyte extraction. 
This method is well-suited for the imaging of abundant, low molecular weight species 
including lipids and results in no analyte redistribution, similar to matrix seeding.105, 106 
The selection of a matrix application technique is an important decision that should be 
based on the analytes being targeted and the required spatial resolution.   
 After matrix application, sample surface metallization has been reported to be 
beneficial when sample charging occurs.25, 101 This improvement is noted for two 
completely different types of applications. First, Altelaar et al. reported that the 
application of a thin Au coating alleviated charging issues with respect to performing for 
stigmatic (or microscope mode) MALDI MSI. Stigmatic imaging involves the irradiation 
of large areas of sample surface, followed by the extraction of ions in two dimensions 
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 which maintains their spatial orientation through the mass analyzer and subsequently the 
analyte are detected in two dimensions. Here, the spatial resolution is not determined by 
the spot size of the laser, but rather by the quality of the ion optics which are sensitive to 
sample charging.25 By coating the sample with 5 nm of Au, the resulting ion images 
contained less blurring of signals. In the second application, Zimmerman et al. employed 
the stretched sample method, which places a thin tissue section on a stretchable, 
insulating membrane with glass bead embedded in it. Due to the insulating membrane, 
charging is more likely to occur on these samples and can result in a decrease in signal. 
This was report to be alleviated by the application of 1.5 nm of Au/Pd. For sample 
preparation strategies where sample charging occurs, metal coating the sample can reduce 
or eliminate the sample potential bias. 
 
2.4.2. Data Analysis 
 Proper data handling following MALDI MSI is necessary in order to create accurate, 
reliable molecular distribution maps. Most ion images are generated using the imaging 
software provided by the instrument manufacturer. These software packages perform 
many of the simpler data analysis functions that are required for routine MSI analysis 
including baseline subtraction, normalization and recalibration which have been 
evaluated by Norris et al.135 They demonstrated that the proper use of these methods 
could improve image contrast and even spatial resolution. However, by using advanced 
statistical methods and data reduction algorithms, additional information can frequently 
be extracted from a data set. Statistical methods that have been applied to MALDI MSI 
data analysis include hierarchical clustering136, 137, parallel factors analysis 
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 (PARAFAC)138, discriminant analysis (DA)137 and several types of PCA, including both 
supervised139 and unsupervised136-138. Many of these methodologies are being applied to 
the differentiation between diseased and healthy tissue states in diagnostic and 
exploratory analyses. 
 Support vector machines (SVM), a type of supervised PCA, was used by Gerhard et 
al. to discriminate between breast cancer tissue and healthy tissue.139 In this case, it was 
important that a supervised method of PCA be used because there was significant 
variation in the amount of blood present in the sample and unsupervised PCA primarily 
focused on these variations rather than the underlying pathology of the tissue. After SVM 
was trained using known tissues, a recognition accuracy of nearly 95% was achieved for 
detecting cancerous tissue, demonstrating the power of the technique and the importance 
to use a supervised form of PCA when sampling conditions could produce large variation 
in tissue conditions. In order to enable the more routine use of advanced statistical 
methods, the data processing of large data sets should occur on a reasonable timescale. A 
comparison between variance maximization rotation (VARIMAX), a port-processing 
method for use with unsupervised PCA, and PARAFAC was performed by Klerk et al.138 
The development of a fast yet accurate statistical analysis method will find its 
applications spanning biological, medical and proteomics studies among others. While 
PARAFAC was found to produce the most complete and accurate analysis of the data 
sets, its computational time, ranging from three to four orders of magnitude longer than 
the PCA-VARIMAX, would require significantly more computing power than is 
reasonable for routine analysis. Additionally, PARAFAC required prior knowledge of the 
signals to be included in the analysis in order to determine the number of factors that 
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 should be generated – too high a number produces a factorial increase in the 
computational time while too low a number risks overlooking important factors. In 
contrast, VARIMAX post-processing of PCA datasets produced an increase in image and 
chemical contrast while requiring a modest increase in processing time indicating that 
VARIMAX should be included in most PCA methodologies of this type. Finally, PCA 
and DA were used by McCombie et al. for the analysis of brain sections from patients 
with Alzheimer’s disease. The combination of these two statistical methods produced 
sufficient image contrast to extract meaningful information from a complex data set 
identifying regions with neuropeptides and other analytes present at different levels. Such 
statistical treatments could be used in the future to uncover new information regarding 
disease mechanisms.  
 
2.4.3. Future Opportunities 
 MALDI MSI has become a well-established technique capable of addressing a wide 
variety of questions requiring spatially resolved information from tissue samples, 
especially within the area of discovery science. Recent developments have been made in 
the use of non-traditional matrixes for MALDI analysis including the use of nanoparticles 
and ionic liquids. Additionally, matrix application techniques have been developed that 
lend themselves to greater control of application, leading to improved reproducibility in 
the preparation of samples for MSI. Finally, advances in instrumentation capabilities 
reduced MSI analysis time while still providing high spatial resolution images which 
represents a large step towards making MSI a routine laboratory analysis method in the 
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 biological and medical sciences. The combination of these advances will begin to set the 
direction for developments in the coming years of MALDI MSI analysis. 
 The ideal MALDI matrix for MSI studies is one that allows high spatial resolution 
imaging, requires little solvent for application and enhances sensitivity at least over a 
certain mass range. The use of surface-assisted laser desorption/ionization (SALDI, also 
called nanoparticle-assisted laser desorption/ionization or nano-PALDI), which uses 
nanoparticles in place of matrix, has become increasingly popular for the analyses of low 
molecular weight species.140-146 Nanoparticles such as Al, Mn, Mo, Sn, W, ZnO, TiO2, 
TiN, Au, Ag and Fe3O4 have been used in SALDI applications. To highlight one 
example, Hayasaka et al. performed imaging using Ag nanoparticles (AgNPs) on retinal 
tissue at 10 µm spatial resolution, the minimum laser spot size available on the 
instrument. They detected a wide range of low molecular weight lipids including palmitic 
acid, linoleic acid, oleic acid, stearic acid, eicosapentaenoic acid, arachidonic acid and 
docosahexaenoic acid. These lipids fall within a mass range where using traditional 
MALDI matrixes is difficult to access due to the number of interfering matrix and matrix 
cluster peaks. In addition to nanoparticles, ionic matrixes have been explored and found 
to have improvements over traditional matrixes in many cases.147 Ionic mixtures of α-
cyano-4-hydroxycinnamic acid with aniline and with pyridine were investigated and 
found improve the following areas: greater signal, more homogeneous matrix 
crystallization, greater resistance to laser ablation and the ability to produce ions in 
positive and negative modes from a matrix coated sample. Matrix application devices are 
being produced commercially that employ both spray and print deposition methods. By 
using automated matrix application, greater control can be exerted on exactly how much 
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 matrix is applied and sample-to-sample reproducibility will improve. The Bruker 
ImagePrep device goes a step further by employing an optical sensor that measures 
scattered light off the surface, allowing for the determination of the thickness of the 
matrix layer and also ensuring that the solvent from the previous matrix coat has 
completely evaporated. These advances in MALDI matrix science provide a greater 
breadth of matrixes to choose from as well as an increase in the number of methods to 
apply matrix with greater control. These factors will further MALDI MSI as a field by 
making it more versatile, reproducible and accessible to a broader range of biological 
samples. 
 One of the greatest obstacles in MALDI MSI has been the time required to produce 
high resolution images even for reasonably small tissue areas. A novel imaging technique 
developed by Spraggins and Caprioli allows for continuous raster MALDI MSI.148 Ion 
images are shown in Figure 2.3 for selected PC species (32:0, 36:1 and 38:6) 
demonstrating the image quality that is achieved using this method. A spatial resolution 
of 100 µm is achievable in 10 min for a sample area of 185 mm2 (an area that would 
require 20.5 h to acquire at a rate of 15 positions per min – the approximate rate of 
acquisition on a Bruker Ultraflex II MADLI MS).148 This novel imaging strategy could 
change the way that MSI conceptualizes the pixel and will certainly increase the 
throughput of MSI, making it a feasible technique to be used during routine biomedical 
analyses.  
  MSI has developed into a reliable techniques for laboratory analyses of biological 
samples frequently providing the means to images species that were difficult to image or 
could not be imaged through other methods. These abilities make MSI an important field 
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 moving forward in the biological and medical sciences. MSI is capable of performing 
discovery type experiments without a priori knowledge of the analytes of interest. 
Additionally, current work targeting improvements in speed, both during acquisition and 
data analysis that will transform MSI into a technique that can be used for routine 
biomedical imaging studies. MSI promises at the forefront of biological and medical 
discoveries during the coming years. 
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 2.6. Figures 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: (A) Mass-specific image of cholesterol (m/z)+ 147 in the ternary mixture of 
PC, sphingomyelin and cholesterol. (B) Histogram for signal intensity of cholesterol 
(m/z)+ 147 in a ternary mixture of PC, sphingomyelin and cholesterol. The black line 
gives the predicted Poisson distribution using the average signal intensity. The red line 
gives the curve predicted by the Poisson distribution the two populations shown in parts 
C and D. (C) Map of pixels which have a cholesterol signal intensity of 0−2 counts, 
population 1. (D) Map of pixels which have a cholesterol signal intensity of 4−10 counts, 
population 2. Scale bars represent 100 μm. Reprinted with permission from Piehowski, P. 
D.; Davey, A. M.; Kurczy, M. E.; Sheets, E. D.; Winograd, N.; Ewing, A. G.; Heien, M. 
L., Time-of-Flight Secondary Ion Mass Spectrometry Imaging of Subcellular Lipid 
Heterogeneity: Poisson Counting and Spatial Resolution. Analytical Chemistry 2009, 81 
(14), 5593-5602. Copyright 2009 American Chemical Society.78 
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Figure 2.2: 3D SIMS imaging of Xenopus laevis oocytes using buckminsterfullerene 
(C60) primary ions. (a) phosphocholine peaks m/z 58, 86, 166 and 184 (b) signal summed 
over the m/z range 540−650, (c) signal summed over the m/z range 815−960,  (d) 
cholesterol peak at m/z 369. Color scale normalized for total counts per pixel for each 
variable (m/z range). Reprinted with permission from Fletcher, J. S.; Lockyer, N. P.; 
Vaidyanathan, S.; Vickerman, J. C., TOF-SIMS 3D Biomolecular Imaging of Xenopus 
laevis Oocytes Using Buckminsterfullerene (C60) Primary Ions. Analytical Chemistry 
2007, 79 (6), 2199-2206. Copyright 2007 American Chemical Society.80 
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Figure 2.3: (a) An illustration of continuous laser raster MALDI sampling highlighting 
the number of laser shots/unit area for a representative laser frequency (3 kHz), laser spot 
diameter (50 μm) and stage velocity (5 mm/s). After an initial distance roughly equal to 
the diameter of the laser beam, the sampling conditions become constant (blue circle) 
with a maximum of 30 shots/unit area. Laser shot overlap decreases for areas further 
away from the center of the raster path (grey bar). A 100 μm spatial resolution lipid ion 
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 image of a sagittal rat brain tissue section using typewriter continuous laser raster 
sampling acquired in 10 min. The ion image overlay (b) of signal from m/z 734.4 
PC(32:0) (c), m/z 788.5 PC(36:1) (d) and m/z 806.5 PC(38:6) (e) highlights the 
differentiation of the spatial distributions for the selected ions. These results correlate to 
the H and E stained serial tissue section highlighting structural difference between grey 
matter, white matter and granular cells in the cerebellum (f). Important instrumental 
parameters: 3 kHz laser repetition rate, 5 mm/s sample stage velocity and 60 laser 
shots/spectrum hardware average. With kind permission from Springer Science+Business 
Media: Journal of the American Society for Mass Spectrometry, High-Speed MALDI-
TOF Imaging Mass Spectrometry: Rapid Ion Image Acquisition and Considerations for 
Next Generation Instrumentation, 22, 2011, 1022-1031, Spraggins, J.; Caprioli, R., 
Figures 1 and 3.148 
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Chapter 3 
 
The Modified-Bead Stretched Sample Method:  
Development and Application to MALDI-MS Imaging of  
Protein Localization in the Spinal Cord 
 
 
3.1 Notes and Acknowledgements 
 This chapter is adapted from the manuscript entitled “The Modified-Bead Stretched 
Sample Method: Development and application to MALDI-MS Imaging of Protein 
Localization in the Spinal Cord” that appeared in the journal Chemical Science and used 
here with permission.1 This work builds from work started by John Jurchen and Eric 
Monroe on the initial Stretched Sampling Method for profiling tissue samples.2, 3 This 
work was later expanded to an imaging method by Tyler Zimmerman who also applied 
the method to Aplysia californica tissues.4-6 I would like to acknowledge the work of 
these three individuals' contributions without whom this work would not have been 
possible. Leonid Serebryannyy and Stanislav Rubakhin were both instrumental to the 
success of this work and I would like to express my gratitude to each of them for their 
contributions. I would also like to acknowledge Prof. Jonathan Sweedler for his 
assistance and support of this projects both intellectually and financially. The project 
described was supported by the National Institute on Drug Abuse under Award Nos. 
DA017940 and P30DA018310. 
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3.2 Introduction 
 Mass spectrometry imaging (MSI) of tissue sections, in contrast to other imaging 
modalities such as immunohistochemistry,6, 7 provides chemical and spatial 
information without requiring analyte preselection. Matrix-assisted laser 
desorption/ionization (MALDI) mass spectrometry (MS) is a soft ionization technique 
that produces primarily singly charged molecular ions, allowing for straightforward 
interpretation of the mass spectra.8 MALDI MS also offers low limits of detection, 
making it suitable for MSI at high spatial resolutions.9 A number of model neuronal 
systems have been characterized using MALDI MSI, including the rat spinal cord10, 
Jonah crab brain11, Aplysia central nervous system,12 and mouse brain tumors.7 
Within these systems, different classes of molecules have been analyzed—lipids13, 
peptides10, proteins,14 and metabolites.15 
 Spatial resolution and analyte extraction can be competing interests in MALDI 
MSI, with various parameters affecting spatial resolution such as laser spot size and 
analyte migration and abundance.16 In MALDI MS, a laser is used to ionize analytes 
directly from a matrix-coated sample surface, so the minimum spatial resolution is 
usually determined by the laser spot size, except in cases when the oversampling 
approach17 or localized application of MALDI matrix are used. More recently, with 
the incorporation of appropriate optics into the instruments, laser spot sizes are now 
small enough (≤10 µm) to detect analytes in a single mammalian cell.18  In order to 
use MALDI for MSI, typically a thin tissue section is collected using a cryostat, thaw-
mounted to a conductive surface and then a matrix is deposited onto the tissue.19  
 There are a number of ways to apply MALDI matrix onto the sample, either by 
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printing14, spraying10, or sublimation.20 Each of these techniques has a number of 
advantages but represent a compromise between spatial resolution and analyte 
extraction. The longer a sample is covered with the matrix solution, the larger the 
fraction of analytes that will be incorporated into the MALDI matrix layer and hence, 
the more efficiently they will be detected. However, longer extraction times tend to 
lead to lateral analyte redistribution, thereby reducing the effective spatial resolution 
obtainable. Printing an array of MALDI matrix spots allows for extended analyte 
extraction times because the matrix spots are separated from each other and so the 
analytes do not blend together. Due to the drop size of currently available chemical 
printers,21-23 this approach often results in MSI with a spatial resolution of >100 µm. 
An alternative is to coat the entire sample surface with a MALDI matrix solution 
using airbrush- or piezo-assisted spraying, which produces small droplets on impact, 
forming a thin layer of the solution on the sample surface. Depending on the solvent 
system used, the solution will evaporate at different rates, with the solvent 
evaporating more slowly as the fraction of water is increased. Because of the small 
droplet size, spraying provides a moderate amount of analyte extraction with 
relatively high spatial resolution and low analyte redistribution. In a recently 
described, elegant approach known as matrix sublimation, a dry MALDI matrix is 
applied onto the sample surface,20 and has proven effective for abundant, low 
molecular-weight species.24  
 The minimum spatial resolution may be limited by analyte concentration and/or 
interference during detection from other analytes. An analyte must be present in 
detectable levels within the effective pixel area of analysis, otherwise it will not be 
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detected. Thus, lowering the effective resolution can bring an analyte below the 
detection limit. For example, by reducing the illuminated spot size from 200 µm to 10 
µm, only 0.25% of the area will be sampled, normally with a concomitant reduction in 
signal intensity.  In most cases, spatial resolution is constrained by the intertwined 
relationship between sample characteristics/preparation and instrumental figures of 
merit. The stretched sample method (SSM) decouples the relationship between sample 
pixel size and instrumental parameters.2, 5, 25  
 The SSM was originally created as a method to simultaneously prepare many 
small tissue samples for profiling peptide content.2 Briefly, a thin tissue section is 
thaw-mounted onto a substrate consisting of ~38 µm-diameter glass beads that have 
been embedded in a stretchable membrane. As the membrane is stretched, the tissue 
section fragments into thousands of bead-sized tissue regions, each spatially isolated 
by the nonpolar membrane between the beads. Taking advantage of this isolation, 
samples can be spray coated with matrix and have water condensed on the surface 
without causing analyte redistribution between the tissue pieces. This allows extended 
analyte extraction periods, prevents analyte spreading and even reduces inorganic 
cation adducts.3, 5 Using brightfield microscopy and light threshholding to identify the 
location of each bead, a sample-specific geometry file for automated data acquisition 
can be generated; a mass spectrum is acquired from each bead location rather than in 
an ordered pattern. By recording the location where each mass spectrum was 
acquired, an image can be (re)created from the stretched sample.4 More recently, 
using several computer algorithms to realign the stretched individual bead/tissue piece 
positions with their original positions, reconstructed mass spectral images can be 
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generated that map each bead’s pre-stretched position in accurate scale and 
proportion.5 
 Recognizing the opportunities that the glass bead substrates provide, we 
chemically modified the bead surfaces to enable a number of applications, including 
protein investigation. By performing in situ digestion of proteins from stretched tissue 
samples using enzyme-modified beads, endogenous peptides from proteins were 
identified and localized. Importantly, compared to the larger proteins, peptides were 
more easily detected. Furthermore, by covalently attaching the enzyme to the beads, 
we observed a decrease in autolysis, which is assumed to result from steric hindrance 
due to the enzyme being bound to a solid support.26, 27 Additionally, multiple enzyme 
digestions in situ, as well as analysis of the native tissue, became feasible when using 
mixed bead substrates consisting of unmodified glass beads as well as enzyme-
modified beads. Here, we demonstrate the imaging of lipids, peptides and proteins 
from rat spinal cord tissue using the modified bead stretched sample method 
(MBSSM). 
 An overview of the MBSSM is depicted in Figure 3.1. A substrate is generated by 
placing 5–10 mg of approximately equal portions of chemically modified and 
unmodified bead types on top of a square of Parafilm M (25 cm2) and applying heat 
and pressure to embed the beads into the membrane. After thaw-mounting a thin (14 
µm) tissue section, the membrane is stretched over 5-fold in both the x and y 
directions and then mounted over an indium-tin oxide (ITO)-coated glass slide to 
reduce sample charging during analysis.5 Individual mass spectra are then collected 
from each bead position and analyzed according to bead type. 
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 3.3. Experimental 
  Chemicals, unless otherwise indicated, were purchased from Sigma-Aldrich, St. 
Louis, MO and used without further modification. 
 
3.3.1. Bead Modification 
  A method created for the surface modification of glass materials such as glass 
slides28 was adapted for use in this work. Borosilicate glass spheres, 38 µm in 
diameter (Mo-Sci Corporation, Rolla, MO), in separate colors for each bead type 
(unmodified and two enzyme-modified), were placed in a separate vials.  The beads 
that will be modified were immersed in 15% glacial acetic acid and then shaken at 
room temperature for 30 min to activate the bead surface. Excess acetic acid was 
subsequently removed and the beads rinsed with deionized water. Two sets of beads 
were then subjected to a three-step modification protocol in order to covalently attach 
the enzymes to their surfaces, as follows: (1) 3-(triethoxysilyl)butyl aldehyde 
(TESBA) (United Chemical Technologies, Inc., Bristol, PA), 90%, 0.45 mL per gram 
of beads, was added to each vial. The reaction proceeded for 5 h on a shaker at room 
temperature. The TESBA solution was removed and the beads rinsed with deionized 
water. (2) The enzyme solutions, 5.0 mL of 10.0 mg/mL trypsin (Type IX-S from 
porcine pancreas) or α-chymotrypsin (Type II from bovine pancreas) in 0.10 M 
phosphate buffer, pH 7.0, were added to the beads. The suspensions were placed on a 
shaker overnight at 4 ºC. (3) The enzyme solution was removed and the beads were 
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passivated with 5.0 mL of 1.0 M glycine solution in 0.10 M phosphate buffer, pH 7.0, 
and allowed to react on a shaker for 30 min at room temperature. This modification 
process is shown in Figure 3.2. The enzyme-modified beads were stored in a freeze 
dryer overnight or until dry, and then stored at –80 °C until use. 
 
3.3.2. Secondary Ion Mass Spectrometry of Bead Surfaces 
 For these studies, a small scoop of beads from unmodified beads, modified beads 
after step (1) and modified beads after step (2) was placed on top of separate pieces of 
indium foil (Alfa Aesar, Ward Hill, MA) and then sandwiched between two glass 
slides to embed the beads into the foil. Beads that were not embedded were removed 
using a stream of nitrogen prior to analysis. A TRIFT III time-of-flight (TOF) 
secondary ion mass spectrometer (Physical Electronics, Chanhassen, MN) was used to 
confirm the enzyme attachment to the beads. The mass spectrometer was equipped 
with a liquid gold metal ion source operating at 22 keV and a primary ion beam was 
randomly rastered in a 256 pixel × 256 pixel region at 8 kHz and 25-ns pulse width. 
Total ion doses were below the static limit of 1013 primary ions/cm2. No charge 
compensation was used. The distance between raster positions determined the 
resolution of the ion images. Data was analyzed using WinCadence software 
(Physical Electronics, Chanhassen, MN). The resulting MS images are shown in 
Figure 3.3. 
 
3.3.3. Parafilm Substrate Preparation 
  Substrates were created by placing approximately 5–10 mg of the bead type of 
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interest onto a single square of Parafilm M (Pechiny Plastic Packaging, Chicago, IL). 
For multiple bead types on a single substrate, the beads were placed into an 
Eppendorf tube in equal amounts and manually shaken for a brief interval to ensure 
even bead distribution before placement on the membrane. The Parafilm M with 
beads was then sandwiched between two glass microscope slides. The beads were 
spread into a monolayer by moving the top slide in a circular fashion until the bead 
distribution appeared homogeneous and aggregate. Manual pressure was applied for 
30 s to the top slide, and excess beads were removed by a spray of nitrogen gas. To 
prevent any bead movement during later condensation cycles, the Parafilm M was 
again placed between the glass slides on a heated aluminum block (~60 ºC) and 
pressure was applied for 10 s. The substrate was again streamed with nitrogen gas in 
order to remove any loose beads. Substrates were allowed to cool completely before 
stretching was attempted. If the substrates were not intended for immediate use, they 
were stored at –80 °C until use. 
 
3.3.4. Tissue Preparation  
  Long-Evans male and female rats (University of Illinois at Urbana-Champaign) 
were sacrificed by decapitation and the spinal cord removed according to animal use 
protocols approved by the University of Illinois Institutional Animal Care and Use 
Committee and in accordance with all state and federal regulations. The tissue was 
microwaved immediately after dissection using a Quasar Lifestyle II microwave, 
model number MQ 5556AU (Matsushita Electric Industrial Co, Kadoma, Japan) for 
15 s at high power. The spinal cord was then flash frozen in liquid nitrogen and stored 
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at –80 ºC until use. The spinal cord was mounted to the sectioning stage using 
deionized water as the embedding media; 14 µm sections were prepared at –20 ºC 
using a Leica CM 3050 S cryostat (Leica Microsystems, Bannockburn, IL). The slices 
were thaw-mounted onto ITO slides (Delta Technologies, Stillwater, MN) for 
chemically printed samples and Parafilm M bead substrates for stretched sample 
analysis. The ITO-mounted samples were stored at –80 °C unless they were to be 
used immediately, in which case they were dried under nitrogen and then transferred 
to a chemical inkjet printer (ChIP-1000) (Shimadzu, Tokyo, Japan). The Parafilm M 
substrate samples were returned to the cryostat chamber and allowed to reach –20 ºC. 
Substrates was then placed face-down against a clean stainless steel block in the 
chamber, while pressure was applied using a cold (–20 ºC) stainless steel block. A 
warm stream of air (~37 ºC) was applied to the back of the substrates to thaw the 
tissue and soften the Parafilm M prior to stretching; this was found to greatly enhance 
stretching ability. The substrates were then stretched at least 5-fold in each direction 
for a total increase of greater than 25-fold in overall area. The stretched samples were 
then placed over ITO slides, which provide the conductive surface necessary for 
MALDI analysis and the clear transparency needed for brightfield microscopy 
imaging of the samples.5 
 
3.3.5. ChIP-1000 Tissue Preparation 
  Two rat spinal cord sections mounted on an ITO slide were loaded into the ChIP-
1000. An optical image of the spinal cord sections was obtained using the onboard 
optical scanner at 500 dpi resolution. On one spinal cord section, the ChIP-1000 
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spotted a solution containing trypsin (0.083 mg/mL) at 250 μm center-to-center 
spacing between each spot. 15 nL of trypsin solution was deposited in total on each 
spot by repeatedly depositing a burst of five 100 pL drops in several iterations across 
the entire tissue sample; this allowed complete solvent drying to occur following each 
iteration, thus maintaining droplet isolation. On both rat spinal cord sections, the 
ChIP-1000 was also used to deposit 10 nL of the MSI matrix solution containing 2,5-
dihydroxybenzoic acid (DHB) (25 mg/mL), spotted at a 250 μm center-to-center 
spacing between each spot (these spots were printed directly on top of the trypsin 
spots for the first section). 
 
3.3.6. MBSSM Sample Preparation 
  After the Parafilm M tissue substrates were stretched over the ITO microscope 
slides, they were placed in a lab-built temperature- and humidity-regulated chamber 
that has been described previously.5 This system allows for thermal cycling of the 
sample inside a Plexiglas box. The sample was placed on a Peltier device (Ferrotec, 
Santa Clara, CA) inside a box attached to a water bubbler filled with 0.050 M 
phosphate buffer, pH 8.0, and a direct nitrogen line to increase humidity to 85–90%. 
The samples were monitored in real time using a CCD camera (DFW-X700, Sony, 
Tokyo, Japan) attached to a 7× zoom microscope (Edmund Optics, Barrington, NJ). A 
CN77000 temperature controller (Omega, Stamford, CT) controlled by FTC100 
software (Ferrotec, Santa Clara, CA) cycled the sample temperature according to the 
following protocol: cool to 10 ºC over 30 s and hold for 45 s to create droplets of 
approximately 50 µm around individual beads; warm to the dew point over 90 s and 
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hold for 480 s to provide a buffered aqueous environment for enzymatic digestion to 
occur; warm to 30 ºC over 60 s and hold for 45 s to evaporate all water droplets 
before the next cooling cycle begins. This protocol was cycled for 3 h. The ambient 
humidity of the atmosphere was taken into account and temperatures were adjusted 
accordingly to ensure a well-controlled water droplet radius so as not to flood the 
sample and allow analyte migration.    
 
3.3.7. Geometry File Creation 
  Following thermal cycling, an UltrafleXtreme MALDI-TOF-TOF mass 
spectrometer (Bruker Daltonics, Bremen, Germany) was used at full laser power with 
a sampling frequency of 1 kHz to create a grid of small holes in the Parafilm to enable 
sample alignment and geometric calibration, as previously described.4, 6 
Subsequently, brightfield images were taken with an AxioVert 200 fluorescence light 
microscope (Carl Zeiss, Inc., Jena, Germany) to generate a mosaic map that was 
automatically merged to create a high resolution image for geometry file creation. To 
allow for automated mass spectra acquisition at each bead position, a custom 
geometry file was created based on the bead locations, as observed in the brightfield 
image, using the holes in the Parafilm M for alignment. Each bead color was isolated 
using Adobe Photoshop CS4 (Adobe Systems Inc., San Jose, CA) in order to 
determine the position of each bead type. Image J version 1.41 (developed at the US 
National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/ij/) 
was used to find bead positions based on radius and circularity restrictions and light 
threshold parameters. Then, bead geometry files were created by using the Java JDK 
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1.6 (http://java.sun.com) applet to scale the data accordingly which is available at  
http://neuroproteomics.scs.illinois.edu/imaging.html.  
 
3.3.8. Air Brush MALDI Matrix Sample Coating  
  The samples were spray-coated using an airbrush held at a distance of 15 cm with 
a 30 mg/mL solution of DHB in 50:50 acetone/water, propelled by purified nitrogen. 
Multiple coats were quickly applied until the sample exhibited homogeneous DHB 
crystal formation, as monitored using a low-power light microscope.  
 
3.3.9. MALDI Mass Spectrometry 
  Mass spectra were collected from each bead position as determined by the custom 
geometry file in positive ion mode on the UltrafleXtreme MALDI-TOF-TOF mass 
spectrometer equipped with a frequency tripled Nd:YAG solid state laser. At each 
bead position, 250 spectra were acquired at 500 Hz, summed and saved for analysis.  
 
3.3.10. Data Processing  
  Following data acquisition, the mass spectra .fid files were converted to .mzXML 
using the batch conversion function in CompassXport version 1.3.10 (Bruker 
Daltonics), followed by conversion to text files using MATLAB version 7.2 (The 
MathWorks, Natick, MA) with wrapper code that can be found at 
http://neuroproteomics.scs.illinois.edu/imaging.html. The mass spectral information 
was then converted into pseudo-color images for each previously identified analyte 
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signal based on signal intensity within a m/z range. Signals above a minimum defined 
threshold were mapped using a color having a contrast directly correlated to the 
absolute intensity normalized to the maximum peak intensity for the specified m/z 
range of the analyte of interest. The different bead types were plotted in different 
colors and then overlaid to create a composite image, using Photoshop. The image 
construction java script was adapted and modified from the code found at 
http://neuroproteomics.scs.illinois.edu/imaging.html.  
 
3.3.11. Liquid Chromatography (LC) Analysis  
  Chromatographic separation and MS analysis of the digested peptides was 
performed using a capillary LC system (Micromass, U.K.) coupled to an HCT Ultra 
liquid chromatography (LC) electrospray ionization (ESI) ion trap (IT) tandem mass 
spectrometer (MS/MS) (Bruker Daltonics). A 1:50 enzyme:substrate mass ratio was 
calculated using several milligrams of sectioned rat spinal cord. The enzyme was 
suspended in a 25 mM ammonium bicarbonate solution, pH 8.0 and quickly shaken. 
The substrate and enzyme solutions were then agitated for 2 h and allowed to react. 
The samples were centrifuged (5804R multipurpose centrifuge, Eppendorf) at 10,000 
rpm for 20 min to pellet insoluble species. Then 5.0 μL of the digest solution was 
manually injected onto a capillary column (PepMap, C18, 3 μm, 100 Å, 300 μm i.d., 
15 cm, Dionex, Sunnyvale, CA) using a solvent gradient at 2.5 μL/min flow rate. The 
solvent system was composed of two solutions: solution A (95% H2O, 5% acetonitrile 
(ACN), 0.1% formic acid (FA) and 0.01% trifluoroacetic acid (TFA)) and solution B 
(5% H2O, 95% ACN, 0.1% FA and 0.01% TFA). The 50 min gradient LC separation 
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included 6 steps: 97–80% solvent A in 0–5 min (linear); 80–50% solvent A for 5–30 
min (linear); 50–20% solvent A for 30–35 min (linear); 20% solvent A for 35–38 min 
(isocratic); 20–95% solvent A for 38–40 min; 95–97% solvent A for 40–50 min. The 
ESI-MS data acquisition of selected analytes was performed in a data-dependent 
manner using the Esquire software (Bruker Daltonics). Following each MS scan, two 
peptides were selected to be fragmented based on their intensity. Dynamic exclusion 
of previously selected peaks was used to limit redundant data acquisition over a short 
period of time. Tandem mass spectra were used for Mascot searches and then 
sequences were confirmed manually to verify analyte identities using the BioTools 
software package (Bruker Daltonics). 
 
3.4. Results and Discussions 
  Our goal is to develop an approach that allows a variety of analyte classes to be 
identified and characterized from a heterogeneous tissue; we selected rat spinal cord 
as a model because it is biochemically, morphologically and electrophysiologically 
well investigated. Its fine structure contains two well-defined regions: the peripheral 
white matter and central grey matter, two areas that are visually recognizable in 
optical images of spinal cord sections. The white matter contains primarily 
myelinated axons and the grey matter contains cell bodies as well as unmyelinated 
axons.29 Both regions contain characteristic lipids, peptides and proteins and play a 
variety of roles in signal transmission and processing. Although the spinal cord has 
been analyzed for each of these classes of analytes previously,10, 30, 31 these three have 
not been simultaneously investigated within a single experiment.  In what follows, the 
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creation of the appropriate enzyme modified beads are described, followed by the 
imaging experiments and finally by more traditional tandem-MS experiments used to 
identify the compounds detected within the spine. 
 
3.4.1. Confirmation of Bead Surface-Modification 
  In order to perform in situ digestion of proteins from tissue sections using beads, 
two proteolytic enzymes, trypsin and chymotrypsin, have been covalently attached to 
the surface of borosilicate glass beads of different colors using the silane crosslinker, 
TESBA. The success of the surface modification was confirmed in two ways: solution 
phase digestion and surface analysis via secondary ion mass spectrometry (SIMS). 
The solution phase digestion was performed as a qualitative determination of enzyme 
activity following the bead modification. The enzyme-modified beads were added to 
separate vials containing a buffered protein solution and incubated over 90 min. 
Afterwards, MALDI MS analysis (data not shown) of the protein solutions, including 
a control solution without beads, was performed to ensure that enzymatic digestion 
was occurring. For a more quantitative analysis of the bead modification, SIMS 
imaging of the bead surfaces was performed following each step in the synthesis 
process (Figure 3.2). The successful surface modification of the glass beads by 
TESBA was confirmed on all but one bead (in the sampled region), shown by the 
decreased Na+ and Cl- signals following the reaction with TESBA (Figure 3.3, middle 
row). Furthermore, enzyme modification of the beads was confirmed by the 
emergence of CN- signal from the beads following the attachment of the enzyme (in 
this case, trypsin) to the bead surface (Figure 3.3, bottom row). The increase in CN- 
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signal from the enzyme-modified beads indicates that there is more CN--containing 
analyte on the bead surface. Since the enzyme was the only CN--containing species 
that was applied to the glass beads during modification, this increase in CN- signal 
indicates successful attachment of the enzyme onto the bead surfaces. 
 
3.4.2. In Situ Digestion Examined with MSI 
  In order to compare our approach with a previously published method for 
performing in situ digestion,14 a ChIP-1000 was used to apply the matrix. A typical 
rat spinal cord is approximately 3 mm × 5 mm in cross-section; therefore, spotting at 
a center-to-center spacing of 250 µm generates an image consisting of 12 pixels × 20 
pixels. MS images generated in this fashion are shown in Figure 3.4, where various 
lipids from an undigested sample are shown in panel A and digested protein 
fragments are shown in panel B. This method of matrix and enzyme application 
provides several advantages: exact volume control of applied reagents, limited analyte 
diffusion due to repeated spotting in identical positions and extended analyte 
extraction times. This approach is well suited for mapping larger tissue areas with 
features that can be resolved at 250 µm spatial resolution. For smaller tissue features, 
specifically those below 250 µm in size, a higher resolution technique is beneficial. 
The MBSSM provides this enhancement. 
 
3.4.3. Modified Bead Stretched Sample Method 
  The MBSSM was applied to rat spinal cord, demonstrating the ability of this 
method to provide high resolution MS imaging of samples that have relatively small 
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structural features. In order to develop the method and demonstrate its efficacy and 
reproducibility, this approach was initially used with substrates consisting of a single 
bead type for each tissue section (data not shown). The data presented here advances 
beyond the traditional confines of a single type of chemical analysis by adding the 
ability to perform multiple analyses on various small-scale regions of interest within a 
single tissue section in one experiment. For this proof-of-concept study, unmodified, 
trypsin-modified and chymotrypsin-modified glass beads of different colors were 
combined to produce a single substrate. Mass spectra were collected from each 
individual bead and stored for analysis based on bead type and location. The datasets 
from each bead type, identified by color, were assembled and analyzed to determine 
which analytes of interest, identified by LC-ESI-IT-MS/MS, were present in the 
sample.  
  Following analyte detection and identification (see following section), in-house 
software was used to generate an ion distribution map in pseudo-color representing 
the relative ion intensity with respect to the maximum ion intensity observed within 
that sample for each specified mass-to-charge (m/z) range. Lipid ion distribution 
maps, generated from data collected from the unmodified glass beads, are presented 
in Figure 3.5A. These lipid identifications, based on mass matches to previously 
published data from the rat nervous system,32-36 are from the analysis of the 
unmodified beads within the mixed-bead substrate. A variety of distributions are 
present for lipids, including analytes that are concentrated in the grey and white 
matter, in addition to several that are present ubiquitously. The identified lipids 
include those from the phosphatidylcholine and phosphatidylethanolamine families. 
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Additionally, a few peptides were identified as fragments of myelin basic protein 
(MBP). In the spinal cord, MBP is an abundant protein that increases the speed at 
which electrical signals propagate along axons. Panels B and C in Figure 3.5 depict 
ion distribution maps from digest products that were identified from the trypsin- and 
chymotrypsin-modified glass beads, respectively. Each analyte was mass-matched to 
confirmed MS/MS data from the LC-ESI-IT experiments discussed below. 
  After compiling the images from each dataset, ion distribution maps that were related 
to the same analyte (e.g., MBP) were overlaid, as shown in Figure 3.6A.  Each color 
represents a corresponding glass bead analyte signal, red for unmodified, blue for trypsin-
modified and green for chymotrypsin-modified. Figure 3.6A details the overlay process 
for all analyte signals from MBP. By overlaying these maps, an analyte’s distribution can 
be further confirmed because the distributions from each image should correlate. The 
lipid distributions observed from the unmodified glass beads (individual images shown in 
Figure 3.5 Panel A) during the stretched sample analysis were overlaid with signals that 
were observed in the trypsin- and chymotrypsin-modified glass bead signals (individual 
images not shown), as shown in Figure 3.6B. Once again, the identified lipids include 
those from the phosphatidylcholine and phosphatidylethanolamine families. These 
lipids have been imaged using other mass spectrometric techniques. For example, 
Monroe et al.10 used SIMS to image the choline head group from phosphatidylcholine 
and a fragment of phosphatidylethanolamine, both of which were shown to be present 
in higher levels in the central grey matter than the surrounding white 
matter. Further, from the observed lipid class distributions from the reported SIMS 
results, the distributions of different classes of lipids can be significantly different 
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than the results from examining each individual lipid species. In another study, 
desorption electrospray ionization33 was used to detect many of the same lipid 
species, but the molecular distributions were not presented. In Figure 3.6C, composite 
images from various protein signals from the spinal cord, including MBP, glial fibrillary 
acidic protein and actin beta protein, are displayed. The main advantage of the MBSSM 
is its ability to image molecular distributions for proteins, endogenous peptides and 
lipids using a single tissue section and a single data acquisition.  
 
3.4.4. Identification of Analytes  
  In order to identify the analytes generated from the in situ digestion of tissue 
sections by enzyme-modified beads, homogenized spinal cord sections were 
characterized; specifically, the extract were digested in the aqueous phase using 
trypsin and chymotrypsin. The digest products were concentrated and analyzed using 
liquid chromatography LC-ESI-IT-MS/MS. Partial lists of the identified (via Mascot, 
www.matrixscience.com) trypsin and chymotrypsin digest products are shown in 
Table 3.1 and Table 3.2, respectively. The lists were confirmed by manually 
examining all Mascot sequence results and comparing them to known compounds 
previously identified within the spine when possible. It is not surprising that peptides 
from the most abundant proteins in the spinal cord were detected and identified. 
These results well match with previously obtained results using different 
approaches.37-39  
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3.5. Conclusions 
  Mammals have anatomically, morphologically, biochemically and functionally 
complex nervous systems consisting of millions of neurons making trillions of 
neuronal synapses.40  The modified bead stretched sample method provides a means 
to simultaneously investigate a broad range of analytes using MALDI MSI. By 
digesting proteins on spatially isolated modified beads, multiple analyses were 
performed in parallel on a single tissue section. Modification of bead surfaces with 
two or more enzymes that have different cleavage patterns helps to increase the user’s 
confidence in correct analyte identification by detecting and matching the spatial 
distributions of multiple enzymatically formed analytes on a single substrate. 
Specifically, here we describe a proof-of-concept experiment demonstrating that the 
MBSSM can be used to acquire imaging data from lipids, native peptides and digested 
proteins in a single experiment. The MBSSM lays the groundwork for future 
molecular cellular imaging studies by creating a flexible platform that will enable 
fundamental studies of cell function and cellular interactions, using techniques 
ranging from mass spectrometry to fluorescence and on-bead immunoassay. We 
anticipate that this method will be further expanded to incorporate additional imaging 
modalities. 
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3.7. Tables and Figures 
 
Table 3.1: Peptides identified by LC-ESI-IT-MS/MS from spinal cord protein tryptic 
digests. Sequences displayed in italicized bold were detected and imaged during tissue 
section analyses. 
ESI-
MS/MS 
m/z 
Theoretical 
m/z Sequence Protein 
931.1 930.5 D.TGILDSIGR.F Myelin Basic Protein 
1046.1 1045.5 DTGILDSIGR Myelin Basic Protein 
1110.0 1109.5 K.GAYDAQGTLSK.I Myelin Basic Protein 
1185.3 1184.5 R.TQDENPVVHF.F Myelin Basic Protein 
1335.1 1335.6 K.YLATASTMDHAR.H Myelin Basic Protein 
1460.2 1459.7 R.TQDENPVVHFFK.N Myelin Basic Protein 
1129.5 1129.5 R.SYASSETMVR.G Glial Fibrillary Acidic Protein 
1245.2 1244.6 R.DNLTQDLGTLR.Q Glial Fibrillary Acidic Protein 
2044.2 2044.6 K.EPTKLADVYQAELRELR.L + Pro->pyro-Glu (P) 
Glial Fibrillary Acidic 
Protein 
3060.1 3059.6 R.ELQEQLAQQQVHVEMDVAKPDLTAALR.E 
Glial Fibrillary Acidic 
Protein 
1161.1 1160.6 K.EITALAPSTMK.I Actin Beta 
1170.0 1170.6 R.HQGVMVGMGQK.D Actin Beta 
1515.6 1515.7 K.QEYDESGPSIVHR.K Actin Beta 
1790.5 1789.9 K.SYELPDGQVITIGNER.F Actin Beta 
1960.0 1959.9 K.YPIEHGIVTNWDDMEK.I + Pro->pyro-Glu (P) Actin Beta 
1085.0 1084.6 K.EIIDLVLDR.I Tubulin Alpha Chain 
1701.6 1700.9 R.AVFVDLEPTVIDEVR.T Tubulin Alpha Chain 
1823.2 1824.0 K.VGINYQPPTVVPGGDLAK.V Tubulin Alpha Chain 
1295.2 1295.6 K.NMQNAEEWFK.S Neurofilament Triplet L Protein 
1548.1 1547.7 K.QNADISAMQDTINK.L Neurofilament Triplet L Protein 
1159.3 1158.6 R.LRDDTEAAIR.A Neurofilament Triplet M Protein 
1904.2 1903.9 K.AQVQLDSDHLEEDIHR.L Neurofilament Triplet M Protein 
2588.4 2588.3 R.SNHEEEVADLLAQIQASHITVER.K 
Neurofilament Triplet 
M Protein 
 
 
  
85
Table 3.2: Peptides in spinal cord protein chymotryptic digests identified by LC-ESI-IT-
MS/MS. Sequences displayed in italicized bold were detected and imaged during tissue 
section analysis. 
ESI-
MS/MS 
 m/z 
Theoreti
cal m/z 
Sequence Protein 
1038.2 1037.5 R.TQDENPVVH.F Myelin Basic Protein 
1078.5 1077.6 D.TGILDSIGRF.F Myelin Basic Protein 
1194.3 1193.6 Q.RTQDENPVVH.F Myelin Basic Protein 
1699.2 1698.9 F.KNIVTPRTPPPSQGK.G + Phospho (STY) Myelin Basic Protein 
1130.5 1130.6 L.ARLEEEGQSL.K Glial Fibrillary Acidic Protein 
1291.4 1290.7 L.RLEAENNLAVY.R Glial Fibrillary Acidic Protein 
1437.1 1436.8 L.RKIHEEEVREL.Q Glial Fibrillary Acidic Protein 
1485.1 1484.8 L.ALDIEIATYRKL.L + Phospho (STY) 
Glial Fibrillary Acidic 
Protein 
1822.9 1823.9 L.LEGEENRITIPVQTF.S + Amide (C-term); Phospho (STY) 
Glial Fibrillary Acidic 
Protein 
1192.5 1191.6 F.IGNSTAIQELF.K Tubulin Beta Chain 
1193.3 1192.6 L.TVPELTQQMF.D Tubulin Beta Chain 
1534.2 1533.7 L.SVHQLVENTDETY.C Tubulin Beta Chain 
1571.3 1571.5 L.THSLGGGTGSGMGTL.L + 3 Phospho (STY) Tubulin Beta Chain 
1811.4 1810.6 
F.QLTHSLGGGTGSGMGTL.L + 
Amide (C-term); Oxidation (M); 3 
Phospho (STY); Pyro-glu (N-term Q) 
Tubulin Beta Chain 
2719.6 2720.1 
L.TQQMFDSKNMMAACDPRHGRY
L.T + Acetyl (N-term); Amide (C-
term); Phospho (STY) 
Tubulin Beta Chain 
1408.2 1407.7 Y.SSSSGSLMPSLENL.D Neurofilament Triplet L Protein 
1529.3 1528.8 L.RLAAEDATNEKQAL.Q Neurofilament Triplet L Protein 
935.6 935.5 L.REYQDLL.N Neurofilament Triplet M Protein 
1376.5 1376.7 Y.RKLLEGEETRF.S Neurofilament Triplet M Protein 
1540.2 1539.9 M.AIKEEIKVEKPEK.A Neurofilament Triplet  M Protein 
1671.2 1670.9 Y.AKLTEAAEQNKEAIR.S Neurofilament Triplet M Protein 
1688.1 1687.8 W.ISKQEYDESGPSIVH.R Actin Beta Protein 
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Figure 3.1: Schematic showing the modified bead stretched sample method (clockwise 
from upper left).  A substrate is generated by placing 5–10 mg of glass beads, consisting 
of approximately equal portions of each bead type, on top of a square of Parafilm M (25 
cm2) and applying heat and pressure to embed the beads into the Parafilm M (upper left). 
After thaw-mounting a thin (14 µm) tissue section onto the Parafilm M, the membrane is 
stretched over 5-fold in both the x and y directions and then mounted over an indium-tin 
oxide coated glass slide to reduce charging of the sample during MALDI-MSI analysis 
(right).5 Individual mass spectra are then collected from each bead position and analyzed 
according to bead type (lower left).  Tucker, K. R.; Serebryannyy, L. A.; Zimmerman, T. 
A.; Rubakhin, S. S.; Sweedler, J. V., The modified-bead stretched sample method: 
Development and application to MALDI-MS imaging of protein localization in the spinal 
cord. Chemical Science 2011, 2 (4), 785-795. – Reproduced by permission of The Royal 
Society of Chemistry 
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Figure 3.2: In order to investigate the distributions of proteins, the glass beads were 
covalently modified with an enzyme, following the procedure laid out below, to perform 
in situ digestion.28 1 – Triethoxysilane aldehyde (90%, 0.45 mL per gram of beads) 
reacts for 5 h. 2 – Enzyme solution (5.0 mL of 10.0 mg/mL trypsin or α-chymotrypsin in 
0.10 M phosphate buffer, pH 7.0) reacts overnight at 4 ºC. 3 – Beads were passivated by 
reacting glycine (1.0 M in 0.10 M phosphate buffer, pH 7.0) for 30 min. 
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Figure 3.3: Glass beads, prior to modification and following steps (1) and (2), were 
analyzed using a TOF-SIMS instrument equipped with a 22 keV Au ion source. The 
images shown here are 500 × 500 µm. The reactions were monitored in positive ion mode 
by the disappearance of the sodium signal (m/z 23) occurring after the first reaction. 
There is a single visible bead in the TESBA bead image that was not successfully 
modified as shown by the remaining sodium signal from its surface (arrow). Additionally, 
a common signal observed from the biological species C2H3O (+ m/z 43), a fragment that 
arises from the reagents and not the unmodified beads, can be used to monitor the 
reaction progress. The reactions were also monitored in negative ion mode. The chlorine 
signal (m/z 35) disappeared after the first reaction, similar to the sodium signal. The CN- 
(m/z 26) signal is a characteristic signal from proteins having a large number of nitrogen-
carbon bonds and can be used to monitor formation of the protein coating on the bead 
surface of the trypsin (Trp)-modified beads. Tucker, K. R.; Serebryannyy, L. A.; 
Zimmerman, T. A.; Rubakhin, S. S.; Sweedler, J. V., The modified-bead stretched sample 
method: Development and application to MALDI-MS imaging of protein localization in 
the spinal cord. Chemical Science 2011, 2 (4), 785-795. – Reproduced by permission of 
The Royal Society of Chemistry 
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Figure 3.4: MALDI-MS imaging of rat spinal cord.  A tissue section was spotted with 
matrix by a chemical inkjet printer with center-to-center distances of 250 µm, generating 
an array of 14 pixels × 23 pixels. (A) Lipids, including phosphatidylcholines (PC) and 
phosphatidylethanolamine (PE) were mapped via MSI, with the analyte identifications 
based on previously published data.35 (B) Proteins were mapped by performing in situ 
tryptic digest and detection of resulting peptides as described previous9. Proteins 
identified include tubulin alpha chain, glial fibrillary protein (GFAP), actin, 
neurofilament triplet L protein (NFTLPa) and myelin basic protein. These molecular 
distribution maps are provided as a reference for comparison of the lipid and protein data 
presented in this work using the modified bead stretched sample method. Tucker, K. R.; 
Serebryannyy, L. A.; Zimmerman, T. A.; Rubakhin, S. S.; Sweedler, J. V., The modified-
bead stretched sample method: Development and application to MALDI-MS imaging of 
protein localization in the spinal cord. Chemical Science 2011, 2 (4), 785-795. – 
Reproduced by permission of The Royal Society of Chemistry 
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Figure 3.5: Molecular distribution maps collected from trypsin- and chymotrypsin-
modified and unmodified glass beads for peptides detected in spinal cord sections using 
MALDI-MSI. (A) Lipid maps based on mass matches with reported masses35 and maps 
of endogenous peptides identified using LC-MS/MS. (B, C) Distribution of peptides 
formed during protein digest. The peptides are identified by molecular mass matching to 
the LC-MS/MS data. Overall, the peptide and lipid distributions are consistent among the 
different bead types and also with previous studies. Tucker, K. R.; Serebryannyy, L. A.; 
Zimmerman, T. A.; Rubakhin, S. S.; Sweedler, J. V., The modified-bead stretched sample 
method: Development and application to MALDI-MS imaging of protein localization in 
the spinal cord. Chemical Science 2011, 2 (4), 785-795. – Reproduced by permission of 
The Royal Society of Chemistry 
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 Figure 3.6: Composite molecular distribution maps collected using the modified bead 
stretched sample method to analyze rat spinal cord. (A) Schematic showing the process 
used to generate the composite images. The trypsin-modified, chymotrypsin-modified 
and unmodified bead images that correlate to a single analyte signal are overlayed 
producing a composite image where the red dots represent unmodified glass beads, the 
blue dots represent trypsin-modified beads and the green dots represent chymotrypsin-
modified beads. (B) shows the composite images for lipid signals from a trypsin- and 
chymotrypsin-modified and unmodified bead substrate that was analyzed using MALDI-
MS. Lipid identification was based on mass matches to literature values. (C) shows 
composite images from the same mixed-bead substrate that corresponds to protein signals 
92
that were observed. All protein identifications were based on mass matches to LC-
MS/MS data. Tucker, K. R.; Serebryannyy, L. A.; Zimmerman, T. A.; Rubakhin, S. S.; 
Sweedler, J. V., The modified-bead stretched sample method: Development and 
application to MALDI-MS imaging of protein localization in the spinal cord. Chemical 
Science 2011, 2 (4), 785-795. – Reproduced by permission of The Royal Society of 
Chemistry 
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Chapter 4 
 
Stretched Tissue Mounting for MALDI  
Mass Spectrometry Imaging  
 
 
 
 
4.1. Notes and Acknowledgements 
 This chapter is adapted from the manuscript entitled “Stretched Tissue Mounting for 
MALDI Mass Spectrometry Imaging” that is prepared for submission as a Technical 
Note to Analytical Chemistry. This work simplifies the stretched sample method by 
removing the beads and allowing tissue to fragment into small pieces prior to imaging. 
Using the rat spinal cord, lipid distributions are compared to conventional imaging 
approaches. This approach is easy to implement and provides a quick, robust 
improvement to the achievable spatial resolution during MALDI MSI conducted using a 
variety MS systems. I would like to express my gratitude to Sanislav Rubakhin and 
Leonid Serebryannyy for their contributions to this work which included significant 
efforts in sample preparation. I would also like to acknowledge Prof. Jonathan Sweedler 
for his assistance and support of this projects both intellectually and financially. The 
project described was supported by the National Institute on Drug Abuse under Award 
Nos. DA017940 and P30DA018310. 
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4.2. Introduction 
Matrix assisted laser desorption/ionization (MALDI) mass spectrometry (MS) is a 
useful tool for the investigation of a wide variety of analyte classes including lipids,1 
peptides2 and proteins.3  In typical MALDI MS experiments, molecular masses of 
compounds and their fragments are determined. Probing of a set of spatial positions 
across a specimen by moving the sample under a focused laser beam allows recording of 
the chemical information as well as spatial data.4-7 Plotting the intensities of the detected 
signals according to their spatial location, two-dimensional chemical maps are generated. 
This technique, termed MALDI mass spectrometry imaging (MSI), generates 
information-rich maps where each sampled position comprises a “pixel” and contains a 
full mass spectrum; from this map multiple “ion images” can be extracted to indicate 
where specific analytes are localized.4 MSI has been used for several decades in the 
analysis of semiconductors with other ion sources such as secondary ion mass 
spectrometry.8 More recently, MSI using SIMS9, 10 MALDI1, 2, 11 and desorption 
electrospray ionization12 MS have seen increasing use and application in biological and 
medical research.13 
Since MALDI MS requires a fairly flat sample surface for accurate mass acquisition, 
MSI of biological specimens is typically performed using thin tissue sections mounted to 
a microscope slide or metal target plate. For imaging small tissue features, the spatial 
resolution of the imaging technique, arising from both sample and instrumental factors, 
becomes an important figure of merit. Spatial resolution can be limited by several factors 
including laser spot size, analyte concentration and lateral analyte migration.11, 14 
Currently, the minimal laser spot size for an Nd:YAG laser used in state-of-the-art 
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commercially available MALDI MS instruments is on the order of 10 µm, a size on the 
order of typical mammalian cells.15 Custom instruments are now able to reach spatial 
resolutions below 1 µm.16 However, for many older instruments that employ nitrogen 
lasers, this is still a limiting factor due to their large laser spot sizes of 50 µm or larger. 
Analyte amounts can also affect spatial resolution. When analyzing a 100 µm area there 
is 100 times more material being analyzed than if the analysis were performed on a 10 
µm area. This decrease in analysis area on samples typically results in a concomitant 
reduction in signal intensity which oftentimes leads to the analyte falling below the limit 
of detection of the instrument.17 Analyte migration is another important parameter when 
determining effective spatial resolution.18 The MALDI matrix application method is one 
of the most important factors that affects the degree of analyte migration and the 
sensitivity that one achieves from a MALDI MSI experiment.18  
For MALDI MSI experiments, application of MALDI matrix solution plays a large 
role in determining sample quality. Matrix is commonly applied via printing,3 spraying2 
or sublimation.19 Each of these techniques has different strengths and each of them 
represent a different compromise between spatial resolution affected by analyte migration 
and ability to detect analytes related to analyte extraction.18 For many analytes, when a 
solution of MALDI matrix is applied, the longer the period of time that the matrix is 
solvated on the sample surface, the higher the fraction of analyte molecules that will be 
extracted into the matrix layer and therefore the higher probability of the analyte being 
detected. However, solvated analytes also tend to redistribute laterally on the sample 
surface, thereby reducing the effective spatial resolution of imaging. A robotic chemical 
printer nearly eliminates this migration by producing an array of discrete droplets on the 
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tissue. In this case, extraction times can be extended without the redistribution of analytes 
beyond the radius of each droplet. For chemical printers, spatial resolution becomes 
limited by the minimum droplet spacing achievable by the printer (typically >100 µm).3, 
18 Alternatively, an airbrush- or piezo-assisted spraying device can be used to coat the 
entire sample surface with a MALDI matrix solution.20, 21 Spraying produces small 
droplets (~20 µm), which form a thin layer of solution on the sample surface and 
typically result in small matrix crystal size. Depending on the solvent system used, the 
solution will evaporate at different rates, with the solvent evaporating more slowly as the 
fraction of water is increased which leads to higher sensitivity. Because of the small 
droplet size, spraying provides small matric crystal size and relatively high spatial 
resolution accompanied by low analyte redistribution.18 Recently, an elegant approach for 
the investigation of abundant, low molecular-weight species was developed where dry 
MALDI matrix is sublimed onto the sample surface. This method allows for no 
detectable analyte redistribution with low analyte extraction as there is no solvent system 
involved but appears to be less efficient for some analyte classes.19 Each of these matrix 
application techniques represents a different compromise between analyte extraction and 
lateral analyte migration and provides the best approach for different experimental goals 
depending upon the required spatial resolution, sample type and target analyte class(es).  
Here, tissue is directly mounted on a stretchable membrane and stretched which 
fragments the tissue into small islands of tissue surrounded by a hydrophobic substrate. A 
schematic of the sample preparation method is shown in Figure 4.1. The use of 
hydrophobic membranes for MALDI MSI has been previously reported and has been 
shown to reduce cationic salt adducts as well as providing other benefits.22-29 This method 
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provides an approach to enhancing MSI spatial resolution especially in cases where raster 
spacing is limited to >50 µm by either the matrix application method or the laser spot 
size. This method of stretching tissue is applicable to almost any MSI instrument 
platform. We apply the approach using the rat spinal cord, a well-studied and 
characterized neuronal model system for the imaging of lipids at high spatial resolution. 
 
4.3. Materials and Methods: 
Chemicals were purchased from Sigma-Aldrich, St. Louis, MO and used without 
further modification.  
 
4.3.1. Sample Preparation 
Adult Sprague-Dawley male rats (University of Illinois at Urbana-Champaign) were 
sacrificed by decapitation and the spinal cord was surgically removed. This procedure 
followed animal use protocols approved by the University of Illinois Institutional Animal 
Care and Use Committee and in accordance with all state and federal regulations. The 
spinal cord was then flash frozen in liquid nitrogen and stored at –80 ºC until use. The 
spinal cord was affixed to the sectioning stage using DI water as the mounting media. 
Spinal cord sections of 14 µm thickness were prepared at –20 ºC using a Leica CM 3050 
S cryostat (Leica Microsystems, Bannockburn, IL). Several adjacent sections were thaw-
mounted onto indium-tin oxide (ITO)-coated glass microscope slides (Delta 
Technologies, Stillwater, MN) as control samples. Other sections were thaw-mounted 
directly onto Parafilm-M (Pechiny Plastic Packaging, Chicago, IL) substrates for stretched 
samples. The Parafilm-M substrate samples were returned to the cryostat chamber and 
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allowed to reach –20 ºC in order to refreeze the tissue section. The substrate was then 
placed face-down against a clean stainless steel block in the chamber, while pressure was 
applied using a cold (–20 ºC) stainless steel block. A puff of air (~36 ºC) was applied to 
the back of the substrate to thaw the tissue and soften the Parafilm-M prior to stretching; 
this enhances membrane stretching ability. The substrates were then stretched at least 5-
fold in each direction for a total increase of at least 25-fold in area. Stretching was 
performed manually under visual control by monitoring the natural symmetry of spinal 
cord in dorsal/ventral and lateral directions. Stretching was not precisely controlled 
during the sample preparation in these proof of the concept experiments however the 
implementation of a grid or a marking on the back of the Parafilm-M would provide 
additional feedback regarding the proportional expansion of the sample if an application 
required it.  The stretched samples were then placed over ITO slides, which provide a 
conductive surface necessary for MALDI analysis and the clear transparency needed for 
brightfield microscopy imaging of the samples. The samples were stored at –80 °C until 
use. Prior to use, all samples were dried under nitrogen gas until the tissue appeared dry. 
Samples for MALDI MSI were transferred to a chemical inkjet printer (ChIP-1000, 
Shimadzu, Tokyo, Japan) for matrix printing or were mounted onto a vertical slide holder 
for matrix application via an artist's airbrush. Additional serial sections were kept for 
tissue fragment sizing experiments and as reference for measuring the unstretched 
dimensions of the tissue section. 
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4.3.2. Environmental scanning electron microscopy Analysis 
Three stretched samples on ITO-coated microscope slides were mounted individually 
in a sputter coater (DeskJet II TSC, Denton Vacuum LLC, Moorestown, NJ) and coated 
with approximately 7 nm AuPd. The slide was then affixed to an environmental scanning 
electron microscopy (ESEM) sample mount using carbon tape; a small amount of silver 
paint was applied on the edge of the slide to make electrical contact between the sample 
surface and the mount. Samples were imaged on a Philips XL30 ESEM-FEG (FEI Co., 
Hillsboro, OR) operating in standard high-vacuum mode with a beam energy of 10 kV 
and a working distance of 11.6 mm. A Robinson series 6 scintillator-type backscattered 
electron detector was used for improved relief contrast of the tissue surface. The collected 
images were analysed using “Threshold” and “Analyze Particle” functions within 
ImageJ, version 1.43u (developed at the US National Institutes of Health and available on 
the Internet at http://rsb.info.nih.gov/ij/), in order to isolate the tissue fragments and 
determine their average size. These results are summarized in Table 4.1. 
 
4.3.3. ChIP-1000 tissue analysis 
Rat spinal cord samples, both stretched and unstretched, were loaded into a ChIP-
1000 printer on a modified stainless steel sample holder plate designed to fit microscope 
slides. An optical image of the spinal cord section was obtained using the on-board 
optical scanner at 500 dpi. The ChIP-1000 was then used to deposit 10 nL of 2,5-
dihydroxybenzoic acid (DHB, 25 mg/mL) at 250 μm center-to-center spacing between 
each spot by repeatedly depositing a burst of five 100 pL drops in several iterations 
across the entire tissue sample. This allowed complete solvent evaporation to occur 
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following each iteration, thus maintaining droplet isolation. The ChIP-1000 was found to 
be capable of reproducible printing at a minimum of 250 µm spacing for this tissue type 
for unstretched tissue and was therefore used for all sample types. Nitrogen gas was 
flowed into the ChIP-1000 printing chamber to assist in drying of the matrix. 
 
4.3.4. Airbrush MALDI matrix sample coating  
Before samples were sprayed with MALDI matrix, brightfield microscopy images 
were taken of each sample with an AxioVert 200 fluorescence light microscope (Carl 
Zeiss, Inc., Jena, Germany) for alignment within the MALDI instrument. The samples 
were then spray-coated using an airbrush held at a distance of 15 cm with 3-5 mL of a 25 
mg/mL solution of DHB in 50:50 acetone:water, propelled by compressed nitrogen. 
Multiple coats were applied until the sample exhibited thin, homogeneous DHB crystal 
formation across the tissue section, as monitored using a low power light microscope.  
 
4.3.5. MALDI mass spectrometry 
All mass spectra were collected in positive ion mode on an UltrafleXtreme MALDI 
time of flight MS (Bruker Daltonics, Bremen, Germany) equipped with a frequency 
tripled Nd:YAG solid state laser. At each raster position, 250 spectra were acquired at 
500 Hz, summed and saved for analysis. MSI was performed using varying raster spacing 
for sprayed samples as noted in Table 4.2. Presented here are data from unstretched 
samples imaged at 50 μm spacing and stretched samples imaged at 100 μm and 200 μm 
spacing. All ChIP-1000 printed samples were imaged at 250 μm spacing to align with the 
printed matrix pattern. All images were normalized to account for small differences in 
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matrix application as is commonly performed during MALDI MSI data analysis. Analyte 
identification was based on mass matches to previously observed and published lipids 
present within the rat spinal cord.1, 12, 30 The data presented here represents one of a series 
of images that were acquired from multiple rat spinal cords that were serially sectioned 
and then imaged. At least four rat spinal cords were serially sectioned for analysis 
producing a total of at least six MSI experiments from each combination of matrix 
application and mounting technique. 
 
4.4. Results and Discussion 
Approaches aimed at improving spatial resolution and analyte 
extraction/incorporation in MALDI matrix crystals are important as MSI strives to 
achieve cellular or even sub-cellular resolution while maintaining coverage of 
metabolome, peptidome, or proteome. While most improvements have been focused on 
the optics and instrumentation, we developed a sample preparation approach whereby the 
tissue is thaw-mounted onto a membrane and stretched in order to fragment the tissue 
producing a sample where tissue pieces are separated by relatively broad hydrophobic 
areas of the membrane surface.  
Following tissue stretching, ESEM analysis was performed to characterize the tissue 
fragments that are produced. These ESEM images are shown in Figure 4.2. These images 
were analyzed by manually thresholding the image in order to differentiate tissue 
fragments from “stretch marks” formed on the membrane surface during the sample 
preparation. The tissue fragments were each fit to an elliptical approximation. The long 
axis of each ellipse was taken as the “fragment size,” and from this parameter a fragment 
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size distribution was estimated. Table 4.1 summarizes the results for the thresholding data 
that was collected from imaging three separate regions of grey matter and three regions of 
white matter from three spinal cord sections using ESEM. Tissue fragments were found 
to be relatively homogenous and have an average size of 14.1 µm and 12.9 µm for gray 
matter and white matter, respectively. Furthermore, only 2.0% and 0.01% of the gray and 
white matter fragments, respectively, were found to have a fragment size greater than 50 
µm. Tissue fragmentation with our approach may vary depending upon tissue type. We 
chose to work with spinal cord because it represents a well-studied mammalian model 
system and because it contains neurons characterized by cell soma typically with 
diameters less than 40 µm and because it contains areas of heavily mylenated processes 
and so should be harder to fragment than other CNS tissue.  
Manual stretching of the membrane may produce some differences in relative 
positions of individual tissue pieces as well as rotational repositioning of the entire 
structure. These issues can be addressed by printing of a grid on membrane. However, it 
should also be noted that with a little bit of practice, the user can reduce these effects 
easily. After the user is comfortable with the procedure of stretching tissue on membrane, 
this technique becomes a quick and robust method to improve spatial resolution.  Once 
the tissue has been stretched and prior to MALDI MSI analysis, MALDI matrix must be 
applied to the surface of the tissue allowing for analyte extraction and co-crystallization 
of analyte and matrix molecules.  
Two matrix application methods were employed in this study: chemical inkjet 
printing and spraying via an artist’s airbrush. Chemical inkjet printers have become a 
popular matrix application method for MALDI MSI studies.3, 26, 30, 31 An advantage is the 
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ability to apply precise volumes of matrix and/or reagent solutions to the tissue surface. 
Additionally by applying matrix in discreet spots, the extraction time can be extended ad 
infinitum allowing for enhanced analyte extraction into the matrix layer without a loss in 
spatial resolution.  When using commercial chemical inkjet printers, the spatial resolution 
is defined by the obtainable spot-to-spot spacing, which is typically on the order of 200 
µm.3, 26, 32 Our results demonstrate this method’s improvement in spatial resolution in 
imaging experiments where samples were prepared using the commercially available 
ChIP-1000 printer. MALDI matrix spot-to-spot spacing of 250 µm for both unstretched 
(Figure 4.3A) and stretched samples (Figure 4.3B) was achieved reproducibly. The 
images in Figure 4.3 Frames A and B depict the localization of phosphatidylethanolamine 
(PE) 38:4 m/z 768.5 as an example ion image demonstrating the resolution enhancement 
of this method. Additional selected ion images, including images for several members of 
the phosphatidylcholine (PC) and PE families, are shown in Figures 4.4 and 4.5, for the 
unstretched and stretched data sets respectively. The spatial resolution achieved by 
combining this method with chemical printing was 44 µm compared to 250 µm 
resolution without stretching the tissue. This spatial resolution improvement was a direct 
result of the stretching the tissue on a substrate. 
MALDI matrix application, via spraying using artist’s airbrush, piezoelectric device 
or nebulizer, is effective approaches for MALDI MSI sample preparation.2, 33, 34 Spraying 
matrix produces small droplets, differing in size depending upon the spraying tool. The 
process of MALDI matrix application can be repeated iteratively in order to apply a 
sufficient amount of matrix for analysis and allow additional time for analyte extraction. 
An advantage to tissue being mounted onto a hydrophobic membrane with regions of 
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hydrophobicity between adjacent hydrophilic regions is the reduction of unwanted lateral 
analyte redistribution and the elimination of cation adducts. 22, 29 An unstretched spinal 
cord section was analyzed using a 50 µm regular raster pattern in order to provide an 
example of a typical MALDI MSI experiment for comparison with the REST method. 
These results are shown in Figure 4.3C and a zoomed-in image in Figure 4.3D for 
phosphatidylethanolamine (PE) 38:4 m/z 768.5. Additional lipid images are shown in 
Figures 4.6 Frame A and as zoomed-in images in Figure 4.6 Frame B including lipids 
from the PC and PE species. Two stretched samples were imaged using 200 µm and 100 
µm raster patterns. Images for PE 38:4 m/z 768.5 are shown in Figure 4.3E and 3F, 
respectively as an example. Additional selected ion images, including images for several 
members of the PC and PE families, are shown in Figure 4.7 and 4.8 for raster of 200 µm 
and 100 µm, respectively. Effective spatial resolutions of 30 µm were achieved using the 
200 µm spacing and 16 µm using the 100 µm spacing.  
The results from each of the imaging experiments are summarized in Table 4.2 where 
various parameters including tissue dimensions, stretched area enhancement, effective 
spatial resolution and pixel density are compared. When stretched microspotted samples 
were compared to unstretched microspotted samples, the effective spatial resolution was 
improved from 250 µm to 44 µm, representing a 5.7-fold improvement in spatial 
resolution and an increase of over 32-fold in pixel density that would allow one to 
visualize smaller features present within tissue sections while still having exact control 
over matrix application. Spatial resolution improvements were also observed for samples 
that were sprayed with matrix. Stretched samples were imaged at 100 µm and 200 µm 
while unstretched samples were imaged at 50 µm. Stretched samples had an effective 
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spatial resolution of about 15 µm and 30 µm, respectively, demonstrating an 
improvement in spatial resolution of 3.1-fold and 1.6-fold, respectively, while using a 
laser spot size of 100 µm. This approach can be applied to any MSI technique, tissue type 
and matrix application technique and one should observe comparable results affected 
only by the tissue fragmentation characteristics. Further improvement may be made by 
using smaller laser spot sizes and thinner tissue sections in conjunction with this 
approach.  
 
4.5. Conclusions 
Higher spatial resolution enables the visualization of smaller tissue features. Mass 
spectrometry imaging is a useful technique for discovery studies because prior 
knowledge of analyte identification isn’t needed. We have demonstrated a robust sample 
preparation method that allows for enhancements in spatial resolution. This method can 
be used with a wide range of matrix application techniques, including printing and 
spraying applications. The images that were acquired during this investigation 
demonstrate the ability of this method to enhancing spatial resolution without greatly 
altering the sample preparation protocols that are currently in place for imaging analysis.  
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4.7. Tables and Figures 
Table 4.1: A summary of fragmented tissue particle size based on ESEM imaging of 
stretched samples demonstrates that the particle size is sufficiently small to image 
samples at 50 µm spatial resolution. 
 
Image Particles counted Particles longer than 50 microns (count/percentage) Avg. length (µm) 
    
Gray 1 283 4 / 1.4% 13.2 
Gray 2 204 9 / 4.4% 16 
Gray 3 205 1 / 0.5% 13.2 
    
White 1 133 1 / 0.8% 12.3 
White 2 217 3 / 1.4% 14.3 
White 3 250 0 / 0% 12.1 
    
 Total Particles   
Gray 692 14 / 2% 14.1 
White 600 4 / 0.01% 12.9 
    
Total 1292 18 / 1.4% 13.5 
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Table 4.2: Comparative analysis of different MALDI MSI sample preparation 
approaches showing improvement in imaging spatial resolution when the REST method 
is employed. The table displays pre- and post-stretched tissue dimensions, stretched 
dimensions, area enhancement, total number of pixels and the effective spatial resolution. 
 
Sample 
Type 
(Imaging 
raster 
step) 
X - 
(mm)a 
Y - 
(mm)a 
Stretched 
X - (mm)a 
Stretched 
Y - (mm)a 
Area 
Enhancementb 
Effective 
Spatial 
Resolutionc 
Pixels 
Density 
pixel/mm2d 
Printed 
(250 µm) 5 3.5 NA NA NA 250 16 
Stretched 
Printed 
(250 µm) 
5 3.5 29.5 18.8 31.6 44 506 
Sprayed 
(50 µm) 4.3 3.1 NA NA NA 50 400 
Stretched 
Sprayed          
(200 µm) 
4.3 3.1 31.9 18.1 43.3 30 1,083 
Stretched 
Sprayed          
(100 µm) 
3.9 2.5 25.5 15.3 40.0 16 4,001 
Stretched 
Sprayed*            
(50 µm) 
3.9 2.5 25.5 15.3 40.0 7.9 16,004 
 
aTissue dimensions and stretched dimensions were measured from each sample using a 
serial section for the pre-stretched. bArea enhancement is the multiplicative enhancement 
factor found by dividing the stretched area by the unstretched area. cThe effective spatial 
resolution is the step size divided by the square root of the area enhancement. dThe 
number of pixels per mm2 (dpm) was found by dividing the area enhancement by the step 
size squared. An improvement in dpm was observed by a factor of 10 for sprayed 
samples and of 32 for ChIP-1000 printed samples. * = Images not shown. 
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Figure 4.1: A schematic of the technique used to stretch and image tissue sections. The 
steps for this method are depicted from left to right: thin tissue sections being serially cut; 
the sections being thaw mounted, froze and pressed onto membrane surface to provide 
better adhesion which aids the stretching process; the sample stretching produces a final 
sample with at least a 25-fold increase in tissue section area resulting from at least a 5-
fold increase in the x and y directions.  
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Figure 4.2: SEM images of two anatomically different areas of stretched spinal cord 
sections. Tissue features after stretching are <50 µm in their single longest direction for 
98 percent of all tissue fragments. Arrows point towards representative tissue pieces. 
Particle size data can be found in Table 4.1. 
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Figure 4.3: An example of the improvement in spatial resolution using this approach 
showing the mass spectrometry-based measurements of the distribution of PE 38:4 (m/z 
768.5) in rat spinal cord. Upper row from left to right – native tissue samples (before 
stretching): (A) chemical image of the analyte distribution in sample prepared with the 
ChIP-1000 where MALDI matrix is printed at 250 µm spacing. (C and E) Ion images 
resulting from MALDI matrix spayed and analyzed at 50 µm raster step with a ~50 µm 
laser spot size. Lower row from left to right: stretched tissue samples imaged using mass 
spectrometry with (B) sample preparation employing ChIP-1000 matrix printing at 250 
µm spacing, (D) matrix sprayed sample analyzed at 200 µm raster spacing and (F) matrix 
spray sample interrogated at 100 µm raster spacing. The images are shown in thermal 
color scale where white and red represent high intensity and blue and black represent low 
intensity. All color scales are relative to signal strength from each individual section and 
therefore only the analyte distribution, not the color intensity, is comparable among 
images. These analyte distributions are very reproducible among the many tissues 
sections that were imaged. Additional ion images from each sample represented in Figure 
4.3 can be found in Figures 4.4-4.8. The tissue dimensions for each of these samples are 
provided in Table 4.2.  
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Figure 4.4: Mass spectrometry imaging of rat spinal cord that was spotted with matrix by 
a chemical inkjet printer with center-to-center distances of 250 µm generating an array of 
14 pixels by 23 pixels (322 pixels total). Selected ion images of lipid from MALDI MSI 
with identifications based on previously published lipid data.12, 30, 32 
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Figure 4.5: Mass spectrometry imaging of rat spinal cord that was stretched 5-fold in 
each direction and then spotted with MALDI matrix by a chemical inkjet printer with 
center-to-center distances of 250 µm generating an array of ~9,000 total pixels. Selected 
ion images of lipid from MALDI MSI with identifications based on previously published 
lipid data.12, 30, 32 
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Figure 4.6: Mass spectrometry imaging of rat spinal cord that was sprayed with matrix 
and imaged at 50 µm spatial resolution (Frame A) and zoomed in to show the detail in the 
bottom right of the image (Frame B). Selected ion images of lipid from MALDI MSI 
with identifications based on previously published lipid data.12, 30, 32 
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Figure 4.7: Mass spectrometry imaging of rat spinal cord that was stretched and then 
sprayed with matrix. This sample was imaged with 200 µm raster step size. Selected ion 
images of lipid from MALDI MSI with identifications based on previously published 
lipid data.12, 30, 32 
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Figure 4.8: Mass spectrometry imaging of rat spinal cord that was stretched and then 
sprayed with MALDI matrix. This sample was imaged at 100 µm spatial resolution. 
Selected ion images of lipid from MALDI MSI with identifications based on previously 
published lipid data.12, 30, 32 
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Chapter 5 
 
Comparison of Sample Preparation Methods for Treating 
Cultured Neurons for Secondary Ion Mass Spectrometry 
Imaging 
 
 
 
5.1. Notes and Acknowledgements 
 This chapter represents work that will be submitted for publication. Secondary ion 
mass spectrometry (SIMS) has been used to provide high resolution sub-cellular imaging 
of single and cultured neurons. This work aims to generate a working protocol that leads 
the reproducible, high-quality ion images of neurons including their processes and growth 
cones. This work was performed using a SIMS instrument located in the Frederick Seitz 
Materials Research Laboratory Center for Microanalysis of Materials Central Facilities, 
University of Illinois, which are partially supported by the U.S. Department of Energy. I 
would like to acknowledge Eric Monroe who began this work with isolated neurons from 
Aplysia californica.1 I would like to acknowledge Stanislav Rubakhin for his work in 
isolating, culturing and treating neurons prior to analysis. I would also like to 
acknowledge Timothy Spila who was instrumental in my training and use of the SIMS 
instrument. Finally, I am grateful to Prof. Jonathan Sweedler for allowing me to pursue 
my interests in subcellular imaging using SIMS in order to further the group’s efforts in 
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mass spectrometry imaging of the nervous system. This work was supported by the 
National Institutes of Health through grant 1 R01 DA017940. 
 
5.2. Introduction 
 Secondary ion mass spectrometry (SIMS) was one of the first mass spectrometry 
techniques that was developed. The technology to produce secondary ions was first 
developed in the late 1940s2 and was used to analyze solid surfaces by the late 1960s3. 
SIMS was primarily developed for the analysis of inorganic solid surfaces typically for 
elemental analysis.4, 5 The spatial resolution that can be obtained using an ion beam is on 
the order of 100 nm.6, 7 The biological applications for SIMS began being explored for 
soft tissues as early as 1970.8 At this time though, the analysis using atomic ion sources 
was restricted to elements and small organic fragments.9, 10 In more recent years, some 
small biomolecules, including vitamin E1 and cholesterol11, have been detected for 
imaging purposes. Vitamin E had not been able to be imaged using traditional optical 
imaging techniques that require labeling due to its location within the lipid bilayer and 
was first imaged subcellularly only a few years ago. SIMS represents a powerful 
technique that can explore the sub-cellular domain unlocking the doors to investigate 
many questions that cannot easily be approach using any other methodology. In order to 
facilitate these investigations, studying sample preparation methods is as important as 
making advances in the instrumentation that is used for analyses. 
 Briefly, SIMS uses an ion beam to sputter secondary ions from the sample surface. In 
the plume of material that forms, there are positive ions, negative ions and neutral species 
present. The selected ions (either positive or negative) are extracted through ion optics 
120
  
into a mass analyzer for detection and m/z determination. SIMS imaging consists of three 
primary components that affect the outcome of the experiment: sample preparation, ion 
production and mass separation/detection. For a more in depth analysis of each of these 
areas, reviews are available.12-15 Improvements were made by in ion production through 
the use of cluster ion sources rather than atomic ion sources16-18 and in spatial resolution 
and acquisition speed by switching from microprobe analysis to microscope analysis 
using by time-of-flight (TOF) SIMS.5, 7, 15 In addition, sample preparation methods can 
also offer improvements in image contrast, ion production, molecular weight range and 
sample integrity and can even allow for the imaging of the inside of single cells. In order 
to achieve these results, various preparation methods have been utilized including thin 
metal coatings19, 20, volatile salt rinses21, 22, chemical preservations21, cryo-fracture23-26 
and coating with matrix-assisted laser desorption/ionization (MALDI) matrix for Matrix-
enhanced SIMS27-29.  Each of these different methods has found its usefulness in sample 
preparation for biological samples when targeting specific analytes. 
 In this work, we compared the preparations of invertebrate, cultured neurons treated 
using thin metal coatings and chemical preservation in order to provide SIMS imaging of 
morphologically intact neuronal processes and growth cones. We specifically monitored 
ions related to phosphatidylcholine (PC), cholesterol and vitamin E as well as sodium as 
we optimized sample preparation protocols for cultured neurons. This work demonstrates 
that preservation methods can be useful for SIMS and that depending upon the analytes 
of interest, different preparation strategies are required. 
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5.3. Experimental 
 All chemicals were purchased from Sigma-Aldrich and used without further 
purification.  
 
5.3.1. Cell Isolation and Culturing 
 Aplysia californica were collected off the central coast of California by Charles 
Hollahan. Aplysia were given an injection of isotonic MgCl2 (~50% of body weight) into 
the body cavity in order to anesthetize them. Individual neurons were isolated from the 
Aplysia pleural and pedal ganglia after their dissection and enzymatic treatment with 
protease IX dissolved in artificial sea water (ASW), consisting of 460 mM NaCl, 10 mM 
KCl, 10 mM CaCl2, 22 mM MgCl2, 6 mM MgSO4 and 10 mM HEPES adjusted to pH 7.8 
with 1 M NaOH, for 30–60 min at 34 °C. After several washes of the treated CNS with 
fresh ASW, single cells were then isolated manually and placed on raw, acid-cleaned 
silicon shards covered with 3 mL of ASW supplemented with antibiotics: 100 units/mL 
penicillin G, 100 μg/mL streptomycin and 100 μg/mL gentamicin and a saturated 
concentration of amphotericin B. The cell cultures were allowed to develop overnight at 
20-25 ºC.  
 
5.3.2.  Sample Preparation 
 After the cultures developed they were treated using several different protocols 
outlined below including preservation with formaldehyde (FA), paraformaldehyde (PFA) 
and glycerol. In addition, some of the samples were sputter coated with Au and rinsed 
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with water. These treatments were used in many different combinations as described in 
Table 5.1.  
 
5.3.2.1. FA, PFA and Glycerol Preservation 
 Some cultured neurons were preserved using either 4% FA, 4% PFA or 5% glycerol 
(all w/v) in ASW as indicated in Table 5.1. Preservative (1 mL) was added to the culture 
solution and the solution was agitated by drawing solution gently in and out of a pipette. 
Following a 30 s incubation period, 3 mL of solution was removed and replaced by 3 mL 
of preservative. The solution was again agitated and then incubated for 30 s. All of the 
solution was removed with care and the samples gently dried manually under a stream of 
nitrogen. 
 
5.3.2.2. Deionized Water Rinse 
 Some cultures were rinsed with DI H2O, as noted in Table 5.1, by adding 3 mL DI 
H2O to the culture solution. The culture was incubated for a short period of time (~5 min) 
followed by the removal of 3 mL of solution, leaving a culture solution with half of the 
initial salt concentrations. This process was repeated at least 3 times resulting in salt 
concentrations at least 8-fold reduction in salt concentrations compared with the initial 
culture solution. All cultures were then briefly stored in a vacuum desiccator at RT until 
Au coating or SIMS imaging. 
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5.3.2.3. Au Coating 
 Cultures were removed from the vacuum desiccator and placed in a DESK II TSC 
turbo sputter coater (Denton, Moorestown, NJ). The sample was affixed to the stage 
using double-sided copper tape. The sample rotation feature of the sputter coating was 
not employed. Samples were sputter-coated with gold for 10 s equating to approximately 
3.2 nm of Au.   
 
5.3.3.  SIMS Imaging 
 A TRIFT III TOF-SIMS (Physical Electronics, Chanhassen, MN) was used to image 
each cultured neuron. The mass spectrometer was equipped with a gold liquid metal ion 
gun (LMIG) operating at 22 keV. The primary ion beam was randomly rastered in a 256 
pixel × 256 pixel region at 8 kHz and 25-ns pulse width. Mass spectra were collected in 
the 1 - 2000 m/z range. Total ion doses were below the static limit of 1013 primary ions 
cm-2. Charge compensation was used for all samples except those that were Au coated. 
The parameters of ion current, raster width and resulting spatial resolution and the time of 
acquisition for each sample are shown in Table 5.1. Data was analyzed using 
WinCadence software (Physical Electronics, Chanhassen, MN).  
 
5.4. Results and Discussion 
 SIMS is a surface sensitive technique that is finding great applicability within the 
biological community over the last decade. As with any surface sensitive technique, 
sample preparation is of the utmost importance. While preparing samples for analysis, 
care must be taken that analytes do not redistribute thus leading to inaccurate ion images. 
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In order to prepare biological samples for analysis, many techniques have been used 
within the biological SIMS community. Neuronal cultures are of interest because they 
can create neuronal networks that may lead to further insight into neuronal function on a 
cellular level. Prior to conducting such grand experiments, a sample preparation method 
allowing for high spatial resolution imaging of cultured neurons must be achieved. To 
this end, many sample preparation methods were performed on neuronal cultures from 
Aplysia californica in order to demonstrate the advantages and disadvantages of different 
preparations for this specific application. These preparation methods included DI H2O 
rinses, preservation with FA, PFA and glycerol, coating with a layer of gold and 
combinations thereof.  
 Neuronal cultures, which were prepared overnight allowing some neurons to produce 
outgrowth, were subsequently treated with a preparation method and analyzed using 
SIMS imaging. The optical images of each sample and its associated selected ion images 
are shown in each figure. Figure 5.1 displays a comparison among neurons that were not 
treated (raw), rinsed with DI H2O or preserved. The ion images of the raw neurons 
illustrate the need for appropriate sample pretreatment as these neurons have low ion 
yield and poor image definition. The ion images from the rinsed neurons illustrate 
improved image clarity and a slight improvement in ion yield compared with the ion 
images from raw neurons. Rinsing with water however, can lyse the cells due to the 
difference in osmotic pressures and removed only some of the small cationic salts from 
the sample surface. These salts can be removed using a rinse with a volatile inorganic salt 
such as ammonium acetate (data not shown) as previously described.22 However, this 
method will not be discussed further here as the combination of preservation followed by 
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water rinsing was shown to also reduce cationic salts. Three different preservation 
methods were employed: FA, PFA and glycerol. PFA and FA are commonly used 
microscopy preservatives that act by crosslinking primary amine groups. Selected ion 
images from these neurons are shown in Figure 5.1. It is noted that the ion images for FA 
fixed cells increased the background signal and did not enhance lipid or lipophilic signals 
for this application. PFA was also used as a fixative for this application with greater 
success. The PFA fixed neuron shows PC fragment signal from the neuronal processes 
extending from the neuron. Although these images showed low signal from the cell soma, 
PFA allowed for the clear visualization of neuronal processes. Glycerol was also 
investigated as a preservative for this application. The ion images produced from these 
neurons demonstrated its ability to preserve cell morphology while retaining ion yield 
from the cell soma and allowing visualization of neuronal processes in th ion image from 
PC fragment. These preparation methods produced different results and demonstrated 
that PFA and glycerol may be suitable reservation methods for cultured neurons.   
 Neuronal cultures were also imaged with the use of some of the aforementioned 
preservation methods with the addition of a thin layer of gold applied via sputter coater. 
These results are shown in Figure 5.2. Thin gold coatings have been shown to increase 
ion yield for higher m/z ions especially when combined with a gold LMIG.19, 30-32 This 
effect may be explained by the gold coating “softening” the impact of gold ions on the 
samples surface producing less fragmentation and leading to the detection of higher m/z  
intact molecules. As many biological analytes of interests exist in the higher (> 300) m/z 
range, gold coating was viewed as a way to enhance those signals. This increase in ion 
yield can be easily seen for all of the sample preparations shown in Figure 5.2. However, 
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this gold treatment appeared to hinder determination of exact spatial distributions as a 
“halo” effect was observed consistently for these sample types. In addition, the ion yield 
from lipid fragments was greatly reduced. Experiments into different thicknesses of gold 
coatings (data not shown) were unsuccessful in removing these effects by examining 
coatings from 1.5-6.7 nm. While gold coating increases the ion yield in the higher m/z 
range, the tradeoff of losing spatial information makes gold coating less ideal when 
targeting the imaging of neuronal processes and growth cones. 
 By combining previously discussed methodologies, SIMS imaging of cultured 
neurons was further improved. Figures 5.3 and 5.4 show the imaging of a growth cone 
and neuronal terminal, respectively, from neurons where glycerol fixation was combined 
with water rinsing. This combination lead to the ability to preserve the cell while 
reducing the signal from inorganic cations without lysing the cell. In Figure 5.3, the 
neuron was imaged twice – once as a whole and a second time focused just on the growth 
cone region of the neuronal process. The distribution of vitamin E fragment indicates that 
there is vitamin E present in the cell soma and that it is present in lower amounts along a 
process and absent within a growth cone. PC fragment differed as it was found to be 
present ubiquitously, although at lower intensities within the growth cone area. Using the 
same sample preparation, the tip of a neuronal process was imaged and the resulting ion 
images are shown in Figure 5.4 including of both a mosaic image of a grouping of 
neurons as well as a high resolution (390 nm pixel size) image of the tip of a neuronal 
processes. As seen in the high resolution images, this preparation allows for high quality 
ion images for PC fragment and also shows that there is a low concentration of vitamin E 
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contained within the tip of a neuronal process. This is a different finding shown in Figure 
5.3 where vitamin E was absent from the growth cone.  
 Finally, a cultured neuron was prepared by fixing the cell using PFA and then rinsing 
the cell with water. Similar to the glycerol preparation, this preparation also proved 
sufficient to reduce the presence of inorganic cation signals (images not shown). Selected 
ion images as well as an optical image are shown in Figure 5.5. This neuron had a single 
process with several outgrowths and growth cones. The ion image for PC fragment is 
shown in Figure 5.5 and illustrates excellent image contrast for PC fragment in the 
process region was achieved using this preparation. The signal from vitamin E fragment 
and PC fragment were found to be diffuse around the cell soma, which may indicate that 
this cell lysed during the fixation and washing process. Using this preparation, a slight 
increase in the vitamin E fragment signal is observed at the distal end of the growth cone 
in comparison to the background. This may indicate that the subcellular vitamin E 
distribution varies in time or depending on the cellular state. By combining different 
preparation methods, ion images show subtleties in the distribution of vitamin E within 
the cell membrane as well as maintaining excellent image contrast arising from PC 
fragment.   
 
5.5. Summary 
Sample preparation is of paramount importance for the analysis of biological SIMS 
samples. Here, several preservative strategies were employed and evaluated for their 
ability to preserve neuron morphology and yield ion images of the distribution of lipid 
fragments and lipophilic species. In addition, the combination of preservation with water 
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rinses was found to be a sufficient method to reduce inorganic cation signals (e.g. sodium 
ion) which will reduce the background and may improve ion yield for other analytes. 
Cholesterol was found to be more difficult to image than either vitamin E fragment or PC 
fragment, perhaps due to its larger m/z value, but its signal was improved using gold 
coating. Vitamin E was found to be localized primarily within the cell soma, but also to 
be present along processes and in the distal region of a large growth cone. Using 
optimized preparation strategies, neuronal processes and growth cones were able to be 
imaged from cultured neurons illustrating the importance of using analyte-specific 
preparation techniques. Using multiple sample preparation strategies can be useful as this 
yields a more complete profile of the different species present in the neurons. This work 
will enable the future investigation of neuronal cultures that are allowed to for neuronal 
networks, which will allow future experiments to determine if the subcellular distribution 
of lipid fragments and lipophilic species changes when cultured neurons form neuronal 
networks. 
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5.7. Tables and Figures 
Table 5.1: The sample preparation methods, including rinses, preservation method and 
Au coating, are shown for each sample presented under Label/Treatment. The SIMS 
imaging parameters for each sample that varied are shown including the ion current, 
raster width with resulting pixel size and the acquisition time. The ion beam current 
changes are due to use of the instrument during four different time periods in between 
which the ion source was reconditioned and the apertures replaced. *This sample was 
imaged using “mosiac” mode which acquired 16 images each of a raster width of 300 µm 
for 15 min and consisting of 64×64 pixels. These tiles were automatically stitched 
together and their summed parameters are shown in the table. Samples are identified 
based on which figure they are shown in and their label in that figure. 
 
Sample Identification SIMS Analysis Parameters 
Figure Label/Treatment 
Ion Beam 
Current 
(nA) 
Raster 
Width 
(µm) 
Pixel Size 
(µm) 
Acquisition 
Time (min) 
1 Untreated 0.90 300 1.2 30 
1 DI H2O 0.90 300 1.2 30 
1 PFA 0.90 600 2.3 60 
1 FA 2.0 100 0.39 20 
1 Glycerol 2.4 400 1.56 25 
2 Untreated 0.90 600 2.3 40 
2 DI H2O 0.90 600 2.3 45 
2 PFA 0.90 600 2.3 45 
2 FA 2.0 150 0.59 30 
3 (Large) Glycerol and  
DI H2O 
2.4 400 1.56 25 
3 (Inset) 2.4 150 0.59 35 
4 (Large)* Glycerol and  
DI H2O 
2.4 1200* 4.7* 240* 
4 (Inset) 2.4 100 0.39 30 
5 (Large) PFA and  
DI H2O 
3.7 300 1.2 40 
5 (Inset) 3.7 150 0.59 40 
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Figure 5.1: A comparison of selected ion images for cultured neurons prepared using 
different methods and imaged using SIMS as described in Table 5.1. Optical images are 
shown for each preparation. Selected ion images include small cations, lipid fragments 
and lipophilic species. Different treatments are shown to enhance and preserve signal 
from various classes of analytes as well as affecting cell morphology. Glycerol and PFA 
treatments were found to be most beneficial for preserving neuronal processes for SIMS 
imaging. The scale bar for the FA sample is 10 µm and all others are 100 µm. 
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Figure 5.2: Optical images and selected ion images from cultured neurons prepared 
using different methods and then coated with ~3.2 nm of Au prior to SIMS imaging. 
Each sample’s preparation and acquisition details are shown in Table 5.1. Selected ions 
were chosen to include analytes from different classes: small cations, lipid fragments and 
lipophilic species. Gold coating was shown to improve signal from analytes of higher 
m/z, especially cholesterol and the vitamin E signal at 430 m/z (images not shown), but 
suppressed signal from PC fragments. It is also noted that a “halo” effect can be observed 
after gold coating. All scale bars are 100 µm. 
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Figure 5.3: Optical and selected ion images are shown for a cultured neuron with a 
significant growth cone region that has been preserved with glycerol. SIMS imaging was 
performed on the whole neuron as well as on growth cone region seen in the inset image 
at the upper right of each larger ion image. The growth cone region is shown to have an 
observable distribution of PC fragment and containing little to no vitamin E fragment or 
cholesterol. All scale bars are 100 µm. 
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Figure 5.4: Optical images of a group of glycerol preserved neurons are shown on the 
left as well as enlarged views of the left-most neuron and its left-most process. Selected 
ion images are shown for the TIC, vitamin E fragment and PC fragment for the group of 
neurons and the end of the nerve process. The group of neurons was imaged using 
“mosaic” mode by acquiring 16 – 300 µm tiles consisting of 64×64 pixels each and then 
stitching those tiles together. This allows for a larger area to be imaged on this SIMS 
instrument. The ion images show the presence of vitamin E fragment and PC fragment 
within each of the three cell somas in the “mosaic” ion images. The SIMS images of the 
tip of the nerve process were obtained in a 100 µm raster width yielding a pixel size of 
390 nm. These images show a slightly increased level of vitamin E fragment within the 
nerve process indicating there is some vitamin E present at this nerve terminal. The scale 
bars are 100 µm for the mosaic image and 10 µm for the terminal image. 
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Figure 5.5: Optical and selected ion images are shown for a PFA preserved neuron with 
significant outgrowth and growth cones present. SIMS ion images are shown to illustrate 
the image quality that is achieved using PFA preservation. Vitamin E fragment is shown 
to be present in the distal portion of the growth cone region in low levels when imaged at 
high resolution (590 nm) while this is not observable in the larger image. PC fragment is 
shown to be present relatively ubiquitously across the cell as expected and shows 
excellent contrast at the edges of the imaged growth cone. All scale bars are 100 µm.  
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Chapter 6 
 
Concept and Design of a C60+ Tandem SIMS Instrument 
 
 
 
6.1. Notes and Acknowledgements 
 This chapter represents work that was performed collaboratively within the Sweedler 
lab over several years. This work is focused on modifying a commercial MALDI 
instrument into a MALDI/SIMS instrument using a polyatomic ion source. Polyatomic 
ion sources produce less analyte fragmentation and produce greater signal from the 
molecular ion. In addition, this instrument will be able to perform fragmentation 
experiments, which provide greater confidence in analyte identifications. My 
contributions to this collaborative project were made in the early stages and included the 
evaluation of a similar instrument in Nicholas Winograd’s laboratory at Pennsylvania 
State University (PSU). I would like to thank Prof. Winograd for the opportunity to visit 
his lab and use his instrumentation as well as Melissa Passarelli from his lab who assisted 
me in imaging analysis of samples. I would like to thank Stanislav Rubakhin for his 
assistance with cell isolations and culturing work that contributed to this work. I would 
also like to acknowledge Zhen Li who accompanied me to PSU and developed the 
earliest design of the instrument including the vacuum system. I would like to 
acknowledge Peter Nemes who was instrumental in many of the later design decisions. 
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Finally, Eric Lanni, who will continue to work on this project, is acknowledged for his 
contributions to the design and construction phase of this project and for the use of his 
schematic drawing of the current instrument plans. I am grateful to Prof. Jonathan 
Sweedler for allowing me to participate in this exciting, collaborative project. This work 
was supported by the DOE through grant DE-FG02-07ER64497. 
 
6.2. Introduction 
 Secondary ion mass spectrometry (SIMS) uses a primary ion beam to bombard the 
sample surface which causes secondary ions, in addition to neutrals, to sputter from the 
sample surface. These ions are then directed into a mass analyzer for detection and mass 
determination. This technology was first developed in the late 1940s1 and later used for 
the analysis of inorganic solid surfaces in the late 1960s.2 SIMS became the first mass 
spectrometry imaging technique in the early 1980s3, 4 with obtainable spatial resolution 
on the order of 100 nm. SIMS was subsequently used in surface analysis of inorganic 
solids on a routine basis for many years.5, 6 SIMS began being applied to biological 
samples including soft tissues as early as 1970,7 however analysis was restricted to 
elements8 and some complex biomolecules, including vitamin E9 as well as lipid 
fragments.10 Many molecules produce fragment ions rather than molecular ions 
preventing the identification of the parent ion when atomic ion sources are employed. As 
SIMS progressed as an analytical technique, significant efforts were made towards the 
investigation of biological samples and the ability to ionize and detect molecules without 
fragmentation.  
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 The analysis of intact molecules from biological samples was enhanced by the 
development of polyatomic ion sources which produced significantly less analyte 
fragmentation.11-14 The advent of these polyatomic ion sources, including C60+, SF5+, 
Aun+ and Bin+, have led to the successful analysis of intact biological molecules.15 The 
use of these ion sources also increases secondary ion yield by as much as 100-fold, with 
much of this improvement lying in the higher m/z range.15, 16 With this type of ion source, 
intact molecules, including lipids, may be observed. The spatial distribution of a lipid 
fragment that arises from many different lipids, such as the choline fragment from all of 
the phosphatidylcholine species may differ significantly from the distribution of each 
individual lipid’s distribution.10, 17 If there is sufficient mass accuracy and/or a known 
library of expected observable species, some intact analytes may be accurately identified 
based solely on mass match. However, there are many isobaric analytes that exist as 
structural isomers, especially in the case of lipids, that can only be exactly identified 
using tandem mass spectroscopy (MS/MS).  
 Tandem mass spectrometry functions as a tool that allows a researcher to break apart 
a molecular ion into fragment ions that can be more readily identified. By piecing these 
fragments together, the molecular ion can be accurately identified. This method has been 
used extensively with peptides,10, 17-19 proteins18, 20, 21 and lipids22 using matrix-assisted 
laser desorption/ionization (MALDI) and electrospray ionization (ESI) mass 
spectrometry (MS). Instruments capable of fragmenting molecular ions during SIMS 
analysis were developed in the last few years by three separate groups. A hybrid 
MALDI/SIMS/MS home built system was constructed at PSU,23 a homebuilt SIMS/MS 
was constructed at the University of Manchester24 and a commercially available SIMS 
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instrument produced by Ionoptika.25 A schematic of the instrument developed in the 
Winograd lab is shown in Figure 6.1, along with pictures of the instrument and primary 
ion source region, for comparison to the instrument being developed in the Sweedler 
laboratory. Each of these systems offers the advantage of being able to fragment 
molecular analytes for MS/MS analysis which is a huge step forward in analyte 
identification.  
 The Sweedler lab is developing a unique platform for the study of biomolecular 
chemistry in model organisms with some similarity to the instrument developed by 
Carado et al.23 Briefly, the analysis capabilities of a commercially available MALDI 
triple-quadrupole time-of-flight MS will be improved by incorporating a C60+ cluster ion 
source that enables SIMS analysis. Significant modifications to the Carado instrument 
were made aimed at increasing sputtering yield and enhancing ion collection and 
transmission with the ultimate goal of a sensitive, high-spatial resolution (>1 µm) 
imaging instrument with MS/MS capabilities optimized for biological samples. The 
proposed hybrid instrument targets biomolecules while simultaneously probing their 
spatial location and fragmenting ions for identification purposes directly from tissue 
samples. Additionally, the instrument will be capable of performing cluster SIMS and 
MALDI analysis in a consecutive fashion a single mass spectrometer from a single 
sample. 
 
6.3. Experimental 
 All chemicals were purchased from Sigma-Aldrich unless specifically noted. 
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6.3.1. Cell Isolation 
 Aplysia californica were collected off the coast of California. Prior to dissection, 
animals were given an injection of isotonic MgCl2 (~50% of body weight) into the body 
cavity in order to anesthetize them. The abdominal ganglia was removed and placed in 
artificial seawater (ASW) consisting of 460 mM NaCl, 10 mM KCl, 10 mM CaCl2, 22 
mM MgCl2, 6 mM MgSO4 and 10 mM HEPES adjusted to pH 7.7 with 1 M NaOH. 
Single neurons were isolated by enzymatically digesting the ganglionic sheath in ASW 
containing 1% protease IX for 1 h at 36 °C. Single cells were then isolated manually and 
placed on raw silicon shards, that had been cleaned using concentrated sulfuric acid and 
stored in methanol. Single cells were isolated including the R2 neuron as well as several 
unidentified neurons. The solvent was manually removed with care using a micropipette. 
The samples were then frozen on dry ice and transported to PSU. 
 
6.3.2.  Pleural-Pedal Ganglia Isolation 
 From the same animal used to isolate single cells from the abdominal ganglia, 
pleural-pedal ganglia were removed for sectioning. Ganglia were positioned on leveled 
ice affixed to the stage of an HM 550 ultramicrotome (Microm International, Walldorf, 
Germany) and allowed to freeze. Thin tissues sections (10 μm) were prepared at –20 ºC 
and immediately thaw-mounted on cleaned Si wafers. 
 
6.3.3.  SIMS Imaging 
 The SIMS experiments were carried out in the lab of Nicholas Winograd at PSU 
using a previously described modified ABI QStar XL with SIMS capabilities.23 The 
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isolated single cells were imaged using a mass range of 60-1000 m/z using a weighted RF 
of 5% at 50 m/z, 25% at 140 m/z and 70% at 370 m/z. The weighted RF is used to 
enhance signals near set m/z values. The acquisition time was 1 s per pixel. The step size 
used for the R2 neuron was 25 µm and all other single neurons were imaged using a 35 
µm step size. The MS images for selected ions from the R2 neuron and a representative 
single neuron are shown in Figures 6.2 and 6.3 respectively. MS/MS was performed on a 
single cell using a parent ion of 430.6 m/z and imaged at 35 µm for 1 s at each pixel. The 
MS images for the major fragment ions from vitamin E are displayed in Figure 6.4. 
 The sectioned Aplysia pleural-pedal ganglia was imaged using a mass range of 30-
1000 m/z using a weighted RF of 5% at 20 m/z, 25% at 70 m/z and 70% at 270 m/z. The 
image was acquired for 1 s at each pixel spaced with a 35 µm step size. The MS images 
for selected ions are shown in Figure 6.5.  
 
6.3.4.  Cellular Damage 
 Neurons were isolated from Aplysia californica using the methods described above. 
These neurons were then cultured overnight as previously described with the exception 
that cells were being cultured on Si wafers.26 The following morning neuron axons were 
manually severed using a micromanipulator. All solvent was then removed and samples 
were frozen on dry ice and then freeze dried. These samples were imaged using a TRIFT 
III time-of-flight (TOF) secondary ion mass spectrometer (Physical Electronics, 
Chanhassen, MN). The mass spectrometer was equipped with a liquid gold metal ion 
source operating at 22 keV and a primary ion beam was randomly rastered in a 256 pixel 
× 256 pixel region at 8 kHz and 25-ns pulse width. Total ion doses were below the static 
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limit of 1013 primary ions/cm2. No charge compensation was used. The distance between 
raster positions determined the resolution of the ion images yielding a spatial resolution 
of ~2 µm. Data was analyzed using WinCadence software (Physical Electronics, 
Chanhassen, MN). Selected ion images are shown in Figure 6.6. 
 
6.4. Results and Discussion 
 Prior to undertaking the remodeling a commercial instrument, significant investment 
was made in understanding what the expected outcome of the modification will be. In the 
case of transforming an ABI QStar XL from a MALDI/ESI convertible instrument into a 
MALDI/SIMS interchangeable instrument, an instrument similar to ours had already 
been converted as previously reported.23 The existing instrument located at PSU was used 
to analyze pre-prepared samples of isolated neurons and sectioned ganglia to learn about 
its performance and functioning and to gain insights into how this instrument could be 
improved when the second QStar is modified.  
 Several neurons were isolated and prepared on Si wafers for travel to PSU to be 
analyzed using a modified QStar. These samples primarily consisted of unidentified 
neurons however there was an R2 neuron that was isolated as well. Significant research 
has led to a large amount of knowledge surrounding the R2 neuron from Aplysia 
californica.27-32 The isolated R2 neuron was imaged at 25 µm spatial resolution requiring 
an overnight acquisition. The optical image of the R2 neuron as well as selected ion 
images is shown in Figure 6.2. The optical image in Frame A shows the overall 
appearance of the neuron. It is intact and has a cellular process of sufficient size to image. 
This cell was imaged revealing several pieces of information about the cell and the 
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instrument’s performance. The cell was shown to have a punctate distribution of vitamin 
E along its process in addition to within the cell soma. In the magnified image of the 
neuronal process, there appears to be damage to the nerve process in the region where 
vitamin E was localized which may be a result of active transport toward a site 
undergoing cellular repair. Vitamin E’s punctate distribution had not been observed 
before along a process and additional work was undertaken to try to determine why it was 
located along this process in this cell. Ion signals from the choline fragment of 
phosphatidylcholine (PC) were shown to have good signal but appear to have been 
streaked across the Si wafer surface. This is thought to be a result of the cell settling on 
the surface where it then may have migrated along the wafer. In addition to this fragment 
of PC, some molecular lipid signals were observed as illustrated by the image of detected 
ion counts in the range of 700-850 m/z. The signal intensity of most of the lipids was low 
enough that an image could not be created, however there was sufficient signal from 
786.5 m/z, thought to be PC 36:3 based solely on mass match. Using an atomic ion 
source, like Au+, does not allow for the detection of intact lipid molecules due to 
fragmentation and ion yield. This represents one of the advantages toward pursuing this 
instrument modification project.  
 Unidentified isolated neurons were also imaged in order to illustrate some other 
features of the modified instrument. Two neurons, similar in their shape and their lack of 
processes, were imaged. One was imaged in MS mode and the other in MS/MS mode to 
demonstrate the capability of the modified QStar to perform SIMS/MS analysis. The MS 
mode image is similar to the R2 neuron images and is shown in Figure 6.3. The detected 
ions are generated from the same species discussed above with respect to the R2 neuron. 
145
  
A common image distortion in SIMS analysis is the shadow effect from objects that have 
significant height that results from the primary ions impacting the side of the sample 
facing the primary ion source more than the opposite side of the sample where ions may 
not be able to impact the entire sample surface. This effect is more apparent with larger 
angles of incidence (measured with respect to the normal axis of the sample). This 
observation will be a contributing factor in the decision to reduce the angle of incidence 
during the future modification of the QStar. The SIMS/MS imaging that is shown in 
Figure 6.4 demonstrates this instruments capability of providing positive identification of 
analytes especially those with known fragmentation patterns or where standards are 
easily obtainable. Here, vitamin E, 430.6 m/z, is shown to produce fragment ions of 165 
and 205 m/z. These are known to be the primary fragment ions for vitamin E.9 In 
addition, SIMS/MS has also been used to differentiate between the isobaric nominal mass 
species of cholesterol and polydimethylsiloxane.33 SIMS/MS technology will enable the 
future identification of unknown analytes with increased confidence in comparison to 
mass matching. 
 In addition to isolated, single cells, sectioned pleural-pedal ganglia were imaged 
using the modified QStar instrument in order to demonstrate its capability to image of 
larger biological structures. The optical image, total mass spectrum and selected ion 
images are shown in Figure 6.5. The section of ganglia that was imaged can be seen to 
contain the connective processes between the pleural and pedal ganglia. This region is of 
particular interest as it may have a different lipid profile than either of the associated 
ganglia. The identified ion images shown here include vitamin E, the choline fragment of 
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PC and cholesterol. Other signals were detected but would require longer acquisition 
times to increase their ion count in order to produce informative images.  
In order to follow up on the punctate distribution of vitamin E that was observed 
along the process of the R2 neuron imaged using the modified QStar at PSU, neurons 
were isolated and cultured for analysis following deliberate damage being inflicted on 
cellular processes. When cells are injured, free radicals form at the site of injury and 
since vitamin E acts as an anti-oxidant within the cell membrane, it is feasible that 
vitamin E may be transported to the site of injury.34 A representative set of optical and 
ion images are shown in Figure 6.6. As seen in the optical images, deliberate damage 
causes processes to be severed whereas the damage incurred on the R2 cell only partially 
damaged the process. In all cases of processes being severed, there was no change in the 
observed vitamin E distribution within the cell. The prospects of generating partially 
damaged neuronal processes are ongoing with perhaps reproducing and explaining the 
observed vitamin E distribution of the R2 neuron.  
 
6.5. Summary 
A QStar XL is being modified in order to allow SIMS/MS and MALDI-MS/MS 
analysis on a single instrument. Its analysis of isolated, single cells and sectioned ganglia 
from Aplysia californica demonstrated the advantages of the novel instrument especially 
in terms of performing SIMS/MS analysis. Tandem MS capabilities will enable unknown 
signals produced during SIMS analysis of biological materials to be identified in the 
future. In addition, the incorporation of a C60+ ion source aided in the production of 
higher molecular weight ions that are not observable using monoatomic ion sources. The 
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use of this instrument was beneficial in the creation of a second modified QStar, 
including a few additional changes to improve performance. 
 
6.6. Future Directions 
As this project continues, there is much work to be done. The current schematic of the 
modifications that have been performed or are still planned to be performed on the QStar 
are shown in Figure 6.7. The two greatest differences made in comparison to the QStar 
system at PSU are the use of a rectilinear quadrupole rather than a standard quadrupole 
and an angle of ion incidence of 30° instead of 45°. The rectilinear quadrupole will allow 
for more tunable transmission of ions across a broader range of m/z values. This will 
allow for the detection of analytes ranging from under 100 m/z to above 1,000 m/z within 
a single mass spectrum acquisition.35 The reduction of the angle of incidence plays two 
roles in improving the performance of the instrument. First, it will reduce the shadow 
effect that is often observed at higher angles and second, it will produce a greater ion 
yield which should lead to improved figures of merit.36 At this time, the instrument has 
been reconstructed with all of the new ion optics in place but without the C60+ ion source 
in order to perform ion alignment and optimization using the MALDI source. After the 
instrument is fully assembled, intact lipids will be mapped within cultured neuronal 
networks as the networks form and in semi-intact nervous system preparations, all at 
subcellular spatial resolution. The use of monoatomic ion source SIMS has been used to 
analyze single cells and tissue sections with subcellular resolution to investigate the 
distribution of lipids and lipophilic analytes. Applying this technology to the subcellular 
imaging of simple networks generated from both cultured Aplysia californica and 
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mammalian neurons will allow the exploration of the lipids present under various 
conditions and stimuli. This instrument will also provide a means to investigate the 
underlying mechanism of diseases that may be linked to lipid composition changes. This 
instrument’s cluster ion source and the tunable rectilinear quadrupole will enable 
enhanced detection of higher molecular weight ions (m/z 500-1,000) characteristic of 
intact lipids which will also allow for their identification via MS/MS analysis. The 
modified QStar has great potential to aid in the identification of many unassigned ions 
detected by traditional SIMS instrumentation. 
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6.8. Figures 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: A. A schematic drawing of the modifications made to an ABI QStar XL in 
the Winograd lab where Q0 was extended through a new vacuum chamber that housed the 
C60+ ion source.23 B. A photo of the modified instrument illustrates the appearance of the 
final product. C. A photo from the vantage point of the sample plate showing the 
extended quadrupoles (middle), ion source (top), LED light source (bottom), camera lens 
(right) and laser lens (left). The schematic drawing is reprinted with permission from 
Carado, A., et al., C60 Secondary Ion Mass Spectrometry with a Hybrid-Quadrupole 
Orthogonal Time-of-Flight Mass Spectrometer. Analytical Chemistry, 2008. 80(21): p. 
7921-7929, Copyright 2008 American Chemical Society. 
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Figure 6.2: A. An optical image from a stereomicroscope of an R2 neuron on a Si wafer. 
B. Total ion image from SIMS imaging of an R2 neuron. C-E, G-I. Selected ion images 
from an R2 neuron including vitamin E and cholesterol. F. A magnified image of the area 
in Frame A outlined in green where vitamin E was located along the neuronal process of 
the R2 neuron. This region appears to show damage to the process. 
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Figure 6.3: A. The total mass spectrum from imaging an isolated neuron from Aplysia 
californica at 35 µm spatial resolution and a 1 s dwell time per pixel. B. The total ion 
image from the neuron. It is noted that a slight disparity of signal occurs on the lower side 
of the cell which may be attributed to the ion angle of incidence. C-H. Selected ion 
images illustrating the range of compounds observed using C60+ SIMS including some 
intact lipids at low signal shown in Frame H. 
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Figure 6.4: A. The total mass spectrum of the MS/MS analysis of a single isolated 
neuron for the fragmentation products of the parent ion at 430 m/z identified as vitamin E. 
B. An overlay of the two fragments of greatest intensity and the parent ion with their 
individual images shown in C-E. 
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Figure 6.5: A. An optical image of a thin tissue section of pleural-pedal ganglia thaw 
mounted on a Si wafer. The green rectangle outlines the approximate area that was 
imaged which contains the neuronal processes connecting the two ganglia. B. The total 
mass spectrum illustrating the number of low molecular weight signals that are observed. 
C-H. Selected ion images including vitamin E (D, F and H), PC (E) and cholesterol (G). 
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Figure 6.6: A. Optical images were taken before and after neurons were manually 
damaged using a micromanipulator. The damage here is extensive and the entire process 
is severed from the soma. B. SIMS ion images taken after cellular damage was inflicted. 
The total ion count (TIC) allows for visualization of the cell, its processes and the 
damaged area. Phosphatidylcholine (PC) is shown to illustrate a clear break in the cellular 
process. The vitamin E distribution appears relatively unchanged and shows no signs of a 
distribution shift toward the site of damage. 
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Figure 6.7: The current design schematic for the modification of the QStar XL with a 
C60+ ion source including the addition of an entrance lens, rectilinear quadrupole, 
collisional cooling chamber and an exit lens in addition to the hardware and vacuum 
chambers required to support all of the new components. The right side of the figure 
shows the initial QStar XL system consisting of a triple quadrupole and orthogonal time 
of flight tube. In comparison to Figure 6.1, the use of a rectilinear quadrupole instead of 
an extension of the existing quadrupole and the use of a 30° ion impact angle instead of 
45° represent the two largest changes which are expected to increase ion yield and 
improve sensitivity.  
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Chapter 7 
 
Design and Construction of a Condensation Chamber for 
Extended Thermal Cycling Applications 
 
 
 
7.1  Notes and Acknowledgements 
This chapter represents work that enabled projects using the stretched sample method 
to perform thermal cycling as an automated process. This work allowed the stretched 
sample method to be expanded to other applications and facilitate future research that 
would require thermal cycling for long periods of time. One example of this work is 
detailed in Chapter 3. This work builds from a previously designed thermal cycling 
chamber that was designed and constructed by John Jurchen and Eric Monroe.
1
 In 
addition, the application of a condensation to matrix-assisted laser desorption/ionization 
was reported by Monroe.
2
 This new chamber has been used in applications that have been 
published by Tucker et. al.
3
 and Zimmerman et. al.
4
 I would like to acknowledge Prof. 
Jonathan Sweedler for his assistance and support of this project both intellectually and 
financially. This work was supported by the NSF through grant R01 DA017940. 
 
7.2  Introduction 
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) is a 
tool that can be used to provide analyte distribution maps from two-dimensional samples. 
159
  
This technology can be used to image different analyte classes including lipids
5-10
, 
peptides
4, 5
 and proteins
3, 11-13
, from thin tissue sections, including spinal cord
3, 14, 15
, 
brain
5-7, 12
 and even whole body sections
16
 and has been highlighted in Chapter 3. One of 
the most important aspects of sample preparation for imaging experiments is the matrix 
application step. When applying matrix, if the sample surface gets too wet, it can result in 
unwanted analyte redistribution. Too dry a matrix application will result in less analyte 
extraction and eventually less signal during analysis.
17
 This tradeoff has resulted in 
research that finds alternative methods of matrix application or analyte extraction to 
attempt to decouple or reduce the effects of this relationship. 
The Sweedler lab developed the stretched sample method which works by thaw 
mounting a thin tissue section onto Parafilm M with small glass beads embedded in it. 
The Parafilm M is then stretched generating a sample of tissue affixed glass beads that 
are separated by regions of hydrophobic Parafilm M.
1
 When this method was initially 
applied, it became necessary to provide additional analyte extraction. In order to address 
this, a condensation chamber was manufactured. The original chamber and its operation 
were described by Monroe et. al.
1
 The original chamber was designed to promote analyte 
extraction via condensation on the surface of a matrix coated sample. The chamber 
consisted of a plastic box containing a Peltier device, a thermocouple which provided 
temperature readings from the surface of the Peltier device, an aluminum block for a heat 
sink and a manually controlled power supply. Humid air was introduced into the chamber 
until the humidity reached 85-95%. The sample was colled using the Peltier device below 
the dew point of water for ~60 s allowing water to condense on the matrix-coated sample 
in order to extract analytes into the matrix crystals. This apparatus was applied to samples 
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of Aplysia californica abdominal ganglia that was affixed to beads and fragmented in 
order to profile the peptide content of individual regions of tissue. In order to prevent 
flooding, these samples were visually monitored throughout the condensation treatment 
in order to prevent droplets from reaching a size much greater than the glass beads. At 
that point, the Peltier device was turned off and allowed to reach room temperature and 
for all of the water to evaporate from the surface of the sample. This process was 
manually repeated for several iterations providing a sample with four short periods (<60 
s) of being solvated in order to allow analyte-matrix co-crystallization. In addition to 
the benefits provided by extended analyte extraction times, the use of the condensation 
chamber was also noted to reduce cationic salt adducts due to the mutually exclusive 
crystallization patterns of matrix and cationic salts.
2
 The original condensation chamber 
was designed to meet the initial needs of the stretched sample method for profiling 
including short thermal cycling times (<15 min) with a short time of solvation (<4 min) 
and a small number of samples and performed well under these conditions.  
Upon extending this methodology for the analysis of larger numbers of samples and 
samples requiring a more extended period of time spent in the solvated state (>2 hrs), the 
original design and capabilities of the chamber were no longer adequate to prepare 
samples. The new demands that were being placed on the system included a high 
performance heat sink, the automated control of the Peltier device and improved control 
of the humidity within the chamber, all in order to be able to perform thermal cycling for 
long periods of time (>3 hrs). In order to extend the maximum thermal cycling time to 3 
h, a heat sink that was capable of constantly dissipating heat is desirable. The temperature 
of the new Peltier device needed to be well controlled in order to improve reproducibility 
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of the condensation treatment used to pretreat samples prior to analysis. A trace of the 
temperature stability of the original device is shown by the lower black line in Figure 1. 
The new chamber would require automated performance in order to allow for longer 
treatments without the supervision of the user. The performance of the original chamber 
with respect to regulating temperature and humidity is shown in Figure 7.2 during an 
extended treatment time of 75 min. The temperature and relative humidity were 
monitored at the end of the cooling cycle (navy blue and bright blue) and the end of the 
warming cycle (dark red and bright red). The temperatures at these points ranged from 
10-15 °C and 21-40 °C, respectively. This represents an unacceptable increase in 
temperature as the samples become damaged above 37 °C where Parafilm M begins to 
melt. The humidity started around 90% and eventually reached 50%; a humidity level 
low enough to prevent condensation of water on the sample surface. The new design will 
address both the length of time that the condensation chamber can be used and the 
reproducibility and precise control of the temperature during the cooling and heating 
phases of the thermal cycle.  
 
7.3  Development of the Condensation Chamber 
The chamber consists of a Peltier device which is placed on top of a water cooled heat 
sink all contained within a chamber that receives humid air from nitrogen gas bubbling 
through a solution. The chamber also includes a thermocouple that is used to provide 
real-time monitoring of the temperature of the sample surface. Finally, the chamber is 
connected to a vacuum outlet for rapid solvent removal from the sample surface.  
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The chamber was manufactured by Specialty Plastics Fabrications Inc. (Hamilton, 
OH) from acrylic. The chamber measures 6”× 6”×3” (L×W×H). The lid of the chamber 
was taken from the original design which consisted of a plastic frame with a removable 
and replaceable glass slide mounted at the critical angle for total internal reflectance for a 
glass-air interface in order to eliminate glare from the microscope objective.
1
 The 
chamber had several holes drilled through it for specific purposes: (1) humidified 
nitrogen gas line, (2) vacuum line, (3) electrical wiring, (4) cooled water in, (5) warm 
water out and (6) humidity detector. Each hole was drilled at a minimum size for each 
item that needed to be connected to the chamber. The chamber was able to have a 
significantly smaller total volume than the original model because of the reduced size of 
the heat sink. This feature may translate into a more controllable sample environment. In 
addition, a vacuum line was put into place in order to accelerate the evaporation of 
solvent in the instance that a sample has too much water condense on it which would 
allow for analyte migration. This chamber is depicted in Figure 7.3 without a sample 
slide on the Peltier device including a water cooled heat sink and a Peltier device that is 
computer controlled with thermistor feedback in order to precisely and reproducibly 
regulates temperature. 
The temperature control devices that were used included a Peltier device (FerroTec, 
Bedford, NH), a temperature controller with a panel interface (FerroTec), a thermistor 
(FerroTec, Bedford, NH) and a water-cooled heat sink (DTek Customs, Mission Viejo, 
CA). The Peltier device was controlled with a temperature cycle program via the 
FTC1000 software package (FerroTec).The thermal cycling program was optimized for 
many different applications including being used for the imaging stretched sample 
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method
4
 and the modified-bead stretched sample method
3
. The condensation chamber 
was used differently in these two applications. For imaging, the thermal cycling program 
was similar to the original condensation chamber cycling. The relative humidity of the 
chamber was adjusted to 85-95% by optimizing the nitrogen flow rate. The sample was 
placed on top of the Peltier device and the thermal cycling was initiated. The thermal 
cycling program consisted of the sample was cooled over 60 s to 14 °C, then held at 14 
°C for 90 s, then warmed over 60 s to 28 °C and then held at 28 °C for 150 s. This 
cycling was repeated 3 times (∼18 min) and then the temperature was held at 28 °C until 
the sample was completely dry. This program was optimized to allow for short periods of 
analyte solvation to allow the analyte and matrix to co-crystalize. In comparison, the 
modified bead stretched sample method (discussed at length in Chapter 3) required the 
use of all of the new features of the chamber especially the temperature control. During 
this application, the sample was cooled to 10 ºC over 30 s and then held for 45 s to allow 
droplet to form around the beads, warmed to the dew point over 90 s and held for 480 s to 
provide a pH controlled solvated environment to allow enzymatic digestion to proceed, 
warmed to 30 ºC over 60 s and held for 45 s to evaporate all water droplets before the 
next cooling cycle begins. This protocol was cycled for 3 h. By using this protocol, the 
full advantage of the condensation chamber was demonstrated. 
 
7.4  Results and Discussion 
The new design for the condensation chamber was an important step forward in 
facilitating applications of the stretched sample method requiring either thermal cycling 
for extended periods of time or unsupervised thermal cycling. These new demands on the 
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system were met in a couple of ways. First, the heat sink used to dissipate the 
accumulating heat from the opposite side of the Peltier device was improved to be a 
water cooled device. Second, the new Peltier device was integrated with computer control 
via the FTC1000 software distributed by FerroTec. 
The improvement of the heat sink was an integral step in allowing new applications to 
be performed using the condensation chamber. The original heat sink was a block of 
aluminum that dissipated the heat from the Peltier device effectively and efficiently for 
around 30 min of thermal cycling treatment which is sufficient for the use of the 
condensation to provide analyte extraction into the matrix layer. The expansion of the 
stretched sample method to provide in situ digestion for the detection and imaging of 
proteins required that the sample be solvated for extended periods of time in order to 
allow enzymatic digestion to occur. In order to provide this solvated environment, water 
needed to be condensed on the surface repeatedly in order to provide a long enough 
period of time for enough protein digestion to occur for detection during imaging. This 
period of time of experimentally found to be around 4 h (data not shown, around 2 h of 
solvated time). When this data was acquired the original condensation chamber was 
being used to perform the digestion. In order to accomplish this, the aluminum block was 
chilled regularly after around 30 of condensation treatment by placing it in ice in order to 
cool the block to ambient temperatures. When the new chamber was developed, this was 
the first change that was made. The heat sink being water cooled allowed digestion 
experiments to be performed for over 24 h continuously.  
The second important feature that was added was the addition of a software 
controlled Peltier device. The software controlling the Peltier device contains several 
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graphical user interfaces (GUI) that allow the user to control all aspects of the thermal 
cycling. These GUIs are shown in Figure 7.4. In the top GUI, FTC1000 has specific 
controls effecting how the Peltier device functions. One of these features, the “Hi Alarm 
Value,” allows the user to set an upper limit of temperatures for the sample. This feature 
was used to prevent the melting of Parafilm-M
®
 by setting this value to 35 °C (the 
melting point of Parafilm-M
®
 is around 37 °C). The middle GUI in Figure 7.4 displays 
the programmable controls for the Peltier device. This allows a user to input as specific 
series on temperatures, ramp time, hold times and generate loops to perform repetitions 
of a series of steps. This is the GUI that the optimized set of cooling and heating 
parameters was entered into in order for the Peltier device to carry them out. The 
bottom GUI in Figure 7.4 illustrates the software’s ability to monitor in real-time the 
temperature of the thermistor in reference to the set-point temperature. This is useful in 
making sure that the system is able to achieve the set-point temperatures throughout the 
treatment. In addition to displaying these data points, the GUI will also record data points 
as a csv file for entire treatments. The use of all of these features allowed for the more 
controllable use of the condensation chamber and allowed users to record the real-time 
temperatures enabling quality assurance that samples were being treated reproducibly. 
After the condensation chamber was fully modified, extended thermal cycling 
treatments were performed for the modified bead stretched sample method. Figure 7.5 
displays the exported temperature data as a graph for a 4 h condensation treatment. 
During the first three cycles, the system was being optimized to ensure that condensation 
did not form pooling of water on the sample. The two insets display the first and last 
thermal cycle during the programed operation. Within the insets of Figure 7.4, the 
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reproducibility of the condensation treatments when the Peltier device is under software 
control can be observed. The new condensation also enabled a change in how samples 
were thermal cycled. Because long periods of solvation were required for enzymatic 
digestion, an additional temperature point was included in the thermal cycling programs. 
Samples were held at the dew point in order to prolong the evaporation period. By adding 
this prolonged period of hydration, the total thermal cycling time was able to be reduced 
by more than 25% because a greater fraction of the time was spent in the solvated state. 
By using the software control for the thermal cycling treatment of samples, longer 
thermal cycling  treatments can be achieved without any loss of reproducibility and 
without the user being present.   
 
7.5  Summary 
The original condensation chamber performed well in the initial experiments that it 
was designed for – treating samples that needed ~15 min of condensation via thermal 
cycling. In order to pursue applications that required significantly longer condensation 
treatments, the chamber needed to be redesigned to allow for automated treatments 
lasting ~3 h. In order to accomplish this, a new software controlled Peltier device was 
used that allowed automated thermal cycling of the samples. In addition, the Peltier 
device was cooled using a circulating water bath which enabled thermal cycling 
treatments as long as 24 h. Making these changes was a crucial step towards enabling 
more complex sample preparation and treatment methods that were used to expand the 
potential of the stretched sample method.  
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7.7  Figures 
 
 
 
 
 
 
 
 
 
 
Figure 7.1: A trace of the temperature (black line) and humidity (grey line) for the 
original condensation chamber. This illustrates the lack of precise control over the 
temperature of the sample during the cooling phase. Reprinted with permission from 
Monroe, E.B., et al., Massively Parallel Sample Preparation for the MALDI MS Analyses 
of Tissues. Anal. Chem., 2006. 78: p. 6826–6832. Copyright 2006 American Chemistry 
Society. 
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Figure 7.2: The performance of the original condensation with respect to maintaining 
consistent temperature and humidity during an extended treatment time of 75 min. The 
temperature was monitored at the end of the cooling cycle (navy blue) and the end of the 
warming cycle (dark red). The temperatures at these points ranged from 10-15 °C and 21-
40 °C, respectively. This represents at unacceptable increase in temperature as the 
samples become damaged above 37 °C. The relative humidity was also monitored at the 
end of the cooling cycle (bright blue) and the end of the warming cycle (bright red). The 
relative humidity started around 90% and eventually reached 50% – humidity low enough 
to prevent condensation of water on the sample surface. 
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Figure 7.3: A depiction of the redesigned condensation chamber. Features were added to 
allow for automated thermal cycling over extended time periods. These new features 
include a water-cooled heat sink block that is continuously fed room temperature water 
from an 8 gallon water bath allowing for continuous thermal cycling. A new Peltier 
device that is connected to a controller with thermistor feedback and computer software 
enabled programed thermal cycling allowing for use without the user being present.  
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Figure 7.4: A screenshot of the features available through the control software FTC1000 
by FerroTec including automatic safeguards, programmable thermal cycles and real-time 
temperature monitoring. 
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Figure 7.5: The FTC1000 software was used to track in real-time the temperature of the 
Peltier device. These temperatures have been plotted to demonstrate the reproducibility of 
thePeltier operation when using the software control package. At the very beginning (0-
18 min) of this treatment, the system was being optimized manually to ensure that the 
automated thermal cycling did not produce pooling of water between beads which would 
have deleterious effects on the sample. 
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Chapter 8 
 
Chemical Inkjet Printers and 
Production of Standard Samples 
 
 
 
8.1. Notes and Acknowledgements 
 This chapter represents work that was performed as a cooperative effort from three 
laboratories: Prof. David Clemmer at Indiana University, Prof. Graham Cooks at Purdue 
University and Prof. Jonathan Sweedler at the University of Illinois. The other labs were 
responsible for producing novel instrumentation for the portable analysis of chemical and 
biological warfare agents (CBWAs) while our lab was responsible for characterizing the 
capabilities of two chemical printers used to generate samples of standards and the 
characterization of the commercially available Bruker Ultraflex II matrix-assisted laser 
desorption/ionization mass spectrometer (MALDI MS). The project focused on the 
chemical printers and their printing abilities with respect to spot-to-spot spacing and spot 
size. The MALDI MS was used for the analysis of the printed samples and the 
determination of its limit of detection and characterization of appropriate matrix 
application techniques. I would like to acknowledge the efforts of Dr. Zhen Li who 
prepared samples for analysis using the PerkinElmer Piezorray Printer and for performing 
analysis of samples using fluorescence imaging. Additionally, I would like to thank Prof. 
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Jonathan Sweedler for his support and encouragement during this project. The work was 
funded by the Naval Surface Warfare Center Crane Division through grant N00164-08C-
JQ11. 
 
8.2. Introduction  
 The need for the development of small instruments for positive identification with a 
low rate of false positives for a variety of chemical and biological warfare agents 
(CBWAs) that can be used in public safety applications is widely understood.
1, 2
 
Miniature mass spectrometers (Mini-MS) are one potential solution to perform this type 
of analysis. Mini-MS instruments have high chemical specificity based on analyte mass 
and rapid responses during in situ analysis.
3
 Recently, a new class of ambient ionization 
methods have provided for the direct analysis of samples in their native environment with 
minimal sample preparation.
4, 5
 These characteristics make Mini-MS instruments that are 
equipped with ambient ionization sources a highly promising solution for applications 
including the rapid detection of trace levels of forensic substances, including explosives 
and drugs of abuse.
6-8
 The specificity of miniature mass spectrometers comes from 
tandem mass spectrometry, which fragments ions of interest in order to allow for positive 
identification. The labs of Profs. Clemmer and Cooks developed novel portable mass 
spectrometer technologies including coupling a gas-phase ion mobility separation based 
on a planar differential mobility spectrometer (DMS)
9
 with a Mini-MS for the analysis of 
complex samples and a Mini 10 MS instrument equipped with a desorption electrospray 
ionization (DESI) ion source capable of performing MS imaging experiments via line 
176
  
scans of analytes from a surface.
10
 These instruments represent the cutting edge of 
research into Mini-MS systems.  
 The development and use of complex standard samples that can be analyzed using 
different ionization techniques would allow for the direct comparison between 
instrumental designs. Because many MS-based instruments are capable of performing 
analysis that provides spatial information, these standard sample will be produced by 
depositing CBWA mimics in a controlled fashion onto a surface for analysis. These 
samples will consist of standards printed in patterns both simple and complex. Chemical 
printers are designed to perform this type of standard printing operation with exceptional 
control. These printers are commonly employed in creating microarrays
11-13
 and for 
spotting matrix for MALDI MS imaging.
14, 15
 These printers have the ability to position 
picoliter droplets onto a surface without contacting the surface. By having such precise 
control of solution deposition, a complex sample can be generated for analysis using 
commercial instruments. Because of the current interest in biological threats including 
anthrax and other protein- and peptide-based toxins, the standards used here will be 
peptides of similar properties to peptide-based toxins such that the optimized method will 
yield similar results to the actual CBWAs. When using the CBWA mimics, attention will 
be focused on the sensitivity and spatial resolution of the specific methods.  
 
8.3. Experimental 
 All chemicals were purchased from Sigma-Aldrich unless otherwise noted. 
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8.3.1. Printer Comparison 
 The PerkinElmer Piezorray Printer (PEPP, PerkinElmer, Waltham, MA) and the 
Chemical Inkjet Printer 1000 (ChIP, Shimadzu, Tokyo, Japan) were used to print 
solutions of angiotensin I onto indium-tin-oxide (ITO) coated slides to demonstrate the 
spatial resolution capabilities of each printer. Each printer was directed to print a 400 µm 
spaced sample and a 150 µm spaced sample. In order for the PEPP to achieve 150 µm 
printing, a pseudo print spacing was used where the printer spots a first set of spots at 300 
µm followed by a second set of spots at 300 µm starting with a 150 µm offset after the 
first pass had dried. This produces a sample that is 150 µm in one dimension and 300 µm 
in the other. Two additional passes would be required in order to generate an array that 
was 150 µm in both directions. These samples were imaged using a standard light 
microscope for the PEPP sample at 400 µm and a AxioVert 200 Fluorescence Light 
Microscope (Carl Zeiss Inc., Germany) using a 10x objective for all of the remaining 
samples. 
 
8.3.2. Fluorescence Characterization 
 The PEPP printed 0.35 µM solutions of indocarbocyanine (Cy3) and 
indodicarbocyanine (Cy5) at 400 m spacing onto ITO coated glass slides (Delta 
Technologies, Stillwater, MN). The ChIP printed 0.35 µM solutions of Cy3 at 200 m 
spacing onto ITO coated glass slides. A total volume of 1.5 nanoliter of solution was 
deposited at each individual spot. Fluorescence analysis of the Cy3 and Cy5 spots was 
performed on a Zeiss Axiovert 200M microscope. This analysis was performed to 
characterize the spot size of the drops and the reproducibility of print positions. 
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8.3.3.  SIMS Characterization 
The spot size of printed peptide arrays on ITO cover slips was determined using 
secondary ion mass spectrometry (SIMS) which allows for submicron spatial resolution.  
Angiotensin I (1.5 nL per spot of 0.010 M) was deposited using the PEPP.  SIMS 
imaging on a TRIFT III time-of-flight (TOF) SIMS (Physical Electronics, Chanhassen, 
MN) was used to characterize the spot size. The mass spectrometer was equipped with a 
liquid gold metal ion source operating at 22 keV and a primary ion beam was randomly 
rastered in a 256 pixel × 256 pixel region at 8 kHz and 25-ns pulse width. Mass spectra 
were collected in the 1 - 2000 m/z range. Total ion doses were below the static limit of 
10
13
 primary ions cm
-2
. No charge compensation was used. The distance between raster 
positions determined the resolution of the ion images. Data was analyzed using 
WinCadence software (Physical Electronics, Chanhassen, MN). The spots were imaged 
in negative mode with a total viewing area of 0.25 mm
2
 and a spatial resolution of ~2 μm 
per pixel.   
The performance of the ChIP was examined using SIMS imaging in order to provide 
accurate spot size measurements as well as spot-to-spot distances.  The ChIP was directed 
to print arrays consisting of 150 total drops (~13 nL) with a spot-to-spot spacing of 300 
µm.  This printing was performed using 1, 2, 5 and 10 drops per iteration in order to 
observe the effect this has on spot size. 
 
8.3.4. MALDI Characterization 
Samples were prepared for analysis to determine the size and regularity of spots as 
well as the limit detection for different printers and matrix application techniques when 
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analyzed using an Ultraflex II MALDI-TOF-MS (Bruker Daltonics, Billerica, MA)with a 
frequency tripled Nd:YAG solid state laser operated in reflectron mode. At each position, 
100 spectra were acquired at 50 Hz, summed and saved for analysis. Calibration was 
based on an external calibrant. Data analysis was performed using FlexAnalysis and 
FlexImaging (Bruker Daltonics, Billerica, MA).  
 
8.3.4.1. PEPP Printing 
The limit of detection (LOD) for pure angiotensin I printed on glass slides by non-
contact printing was determined using MALDI MS. The PEPP was directed to print 
arrays with a spacing of 500 µm of standard using solutions containing 10
-3
 and 10
-5
 g/L 
angiotensin I. Solution was deposited in regions using varied numbers of 300 pL drops in 
order to produce a number of spots with concentrations ranging from 11.6 amol to 11.6 
fmol, spanning three orders of magnitude. Following application of peptide standards, the 
printer deposited five drops (~300 pL each) of 5.0 g/L dihydroxybenzoic acid (DHB) 
solution for MALDI analysis. MALDI MS spectra were both smoothed and baseline 
subtracted during acquisition using FlexControl software (Bruker Daltonics). Imaging of 
spots was obtained using FlexImaging software.  
Further LOD experiments were performed in order to investigate the use of 
sublimation as a matrix application technique for this application. Similar arrays of 
angiotensin I were printed using solutions of 10
-2
 and 10
-4
 g/L and 400 µm spacing with 
resulting printed amounts ranging from 116 amol to 116 fmol. The sublimation of matrix 
was adapted from the work by Hankin, J. A., et al.
16
 The sublimation chamber creates a 
vacuum environment where matrix can be sublimed into the gas state and then deposited 
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onto a slide, which is cooled by ice. The optimal configuration for this apparatus was 
found to be 0.40 g of matrix heated for 20 min to 200 ºC at ~50 torr. The slide is then left 
in the chamber with heat removed for several minutes to increase deposition. The goal is 
to completely coat the slide and sample, with the matrix turning from a yellow before 
sublimation to a complete white once deposited and enough matrix coating to eliminate 
the translucency of the slide. These samples were imaged as described above.  
 
8.3.4.2. ChIP Printing 
LOD experiments were also carried out using the ChIP to determine if there were 
differences depending upon which printer was used. Using three solutions containing 10
-2
 
g/L, 10
-4
 g/L and 10
-6
 g/L of angiotensin I, the ChIP deposited spots in a regular array 
pattern using 400 µm spacing. Within each of these three arrays there were ten spots 
printed using each of 5, 10, 20, 40 and 100 drops in order to generate an array consisting 
of spots with amounts of peptide ranging from 336 zmol to 67.1 fmol, which spans over 
five orders of magnitude. After the peptide was deposited, the ChIP deposited 15 drops 
(~100 pL each) of 5.0 g/L dihydroxybenzoic acid (DHB) solution for MALDI analysis. 
The samples were analyzed as previously described.  
 
8.3.4.3. Advanced Printing Application 
In order to test the precise print head alignment and demonstrate the ability of the 
ChIP to generate complex standard samples for analysis on different MS platforms, the 
logos from the University of Illinois, Indiana University and Purdue University were 
printed in a single 10 × 10 array with 500 µm spacing. The three overlapping logos were 
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printed using different peptide solutions containing 4 g/L of bradykinen fragment 1-7, 
angiotensin I and angiotensin II. Following application of the peptides by three different 
print heads, the fourth print head was used to apply ~40 µg of matrix to each of the 100 
spots on the sample. The samples were then imaged using 500 µm step sizes in order to 
match the printing spacing. All other imaging parameters were the same as described 
previously. 
  
8.4. Results and Discussion 
Chemical printers were characterized for spot-to-spot spacing and spot size in 
addition to characterizing the limit of detection for a Bruker Ultraflex II MALDI MS. 
The development and characterization of non-contact array printing techniques was 
carried out using two printers, a PEPP and a ChIP. Each of these printers was tested to 
determine the spacing required for successful patterning of peptide toxin mimics onto 
ITO slides (and cover slips) as well as the minimum spot size of analyte that can 
successfully printed. Following surface patterning in order to allow for MALDI MS 
analysis, MALDI matrix was printed on top of each patterned array which required the 
precise control of printing positions by each printer. The printed arrays were 
characterized using various imaging methods including optical microscopy, fluorescence 
microscopy, MALDI MS imaging and SIMS imaging techniques.  
 
8.4.1. Printer Comparison using Optical Imaging and Fluorescence 
The overall alignment of printed arrays was first characterized using optical imaging 
fluorescence. These images are shown in Figure 8.1. The two printers were each tasked to 
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print patterns using a final spacing of 400 µm and 150 µm. The PEPP was shown to print 
at 400 µm in Frame A without overlapping spots; however the resulting spots lacked 
alignment with respect to one another both in the x and y direction. The PEPP used a 
pseudo spacing in order to create a 150 µm spacing where two 300 µm passes were made 
with a 150 µm offset between the starting positions for the two passes in order to create a 
pattern that is 150 µm spaced in one direction. Two additional passes would be required 
in order to achieve 150 µm spacing in both dimensions. The resulting spots shown in 
Frame C demonstrate that the PEPP cannot be used to generate patterns at this spacing as 
the spots are again misaligned in both directions and there were spots that pooled 
together. This misalignment was initially thought to be a result of irreproducible spotting 
passes which lead to the use of fluorescence imaging using two different fluorescent 
molecules, Cy3 and Cy5. The printing using these two fluorescent dyes produced the 
image shown in Figure 8.2 Frame A. These fluorescent images demonstrated that the 
printer has reproducible printing passes however the pass-to-pass alignment of the spots 
is poor.  
The ChIP printer performed remarkably better with respect to the spot alignment of 
printed arrays. The images for the 400 µm and 150 µm printing patterns are shown in 
Figure 8.1 Frames B and D, respectively. The spot-to-spot spacing at 400 µm was 
observed to be consistent and near the desired printing parameters. At 150 µm these 
characteristics change very little however there were small islands of printed solution on 
the surface that were produced from unstable printing solution. This spacing is likely near 
the physical limit for the ChIP printer as smaller spacing’s that were attempted resulted in 
pooling of spots (data not shown). In addition, a fluorescent dye was printed in order to 
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characterize the spot size during printing. Two dyes were not used as alignment was not 
an issue for the ChIP. The resulting fluorescent images of 200 µm printing are shown in 
Figure 8.2 Frame B. The spot size was found to be reproducible around 81 µm for each 
spot in the array using 3 drops per printing pass.  
 
8.4.2. SIMS Characterization  
In order to determine the spot size of the PEPP printer, angiotensin I was printed onto 
ITO cover slips for SIMS analysis. The negative ion images produced from m/z 26 
arising from CN
-
 containing species and m/z 42 arising from C3H6
-
 are shown in Figure 
8.3. The printed spot size on ITO coverslips was determined to be 173±2 μm.  These spot 
sizes may still be reduced by adjusting the number of spots per iteration.  
The performance of the ChIP was further examined using SIMS imaging in order to 
provide accurate spot size measurements as well as spot-to-spot distances.  The ChIP was 
directed to print arrays consisting of 150 total drops (~15 nL) with a spot-to-spot spacing 
of 300 µm while varying the number of drops per printing iteration.  Measurements were 
made as illustrated in Figure 8.4 Frames A and B. The results indicate that the spot size is 
correlated to the number of drops per iteration, based on the experimentally determined 
natural log equation shown in the graph in Figure 8.4 Frame C.  The data also indicate 
that the spot diameter varies slightly depending on if it is measured using negative or 
positive ion mode with these variations remaining below 8%. Additionally, the spot-to-
spot spacing was determined to be 299 ± 12 µm (95% confidence interval). This 
information further demonstrates the performance of the ChIP and its advantages over the 
PEPP in terms of accuracy and reproducibility of printed arrays. 
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8.4.3. MALDI Characterization 
In addition to characterizing the printing capabilities of the PEPP and the ChIP, the 
performance of a commercially available instrument was evaluated. LOD of peptides 
with MALDI MS was evaluated by printing on ITO-coated glass slides. The results of 
these LOD experiments varied depending upon which printer was used as well as the 
matrix application technique.  
Using the PEPP printer, arrays of peptide spots were generated with amounts ranging 
from 11.6 amol to 11.6 fmol followed by MALDI matrix printing. The printing pattern 
and ion images are shown in Figure 8.5. This combination of printed standard and printed 
matrix allowed for the peptide to be detected consistently at the 46.4 amol level and for it 
to be detected 20% of the time at the 11.6 amol level. In addition to printed matrix, 
samples were generated for sublimed matrix application. This printing pattern and ion 
images are shown in Figure 8.6 with an inset mass spectrum from 116 amol of 
angiotensin I. The peptide standards were detected at the 11.6 fmol level consistently and 
detected 20% of the time at the 116 amol level. This represents about an order of 
magnitude of sensitivity loss by changing from printed matrix to a sublimed matrix 
application. This loss of sensitivity is attributed to the decrease in incorporation of 
analyte molecules into the matrix layer during sublimation as the dry deposition process 
does not contain solvent to facilitate analyte-matrix co-crystallization that leads to analyte 
detection.  
The LODs associated with the ChIP printing solutions of standard to generating an 
array of spots ranging from 336 zmol to 67.1 fmol of deposited peptide. Both the printing 
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array and three ion images are shown in Figure 8.7. MALDI MS imaging detected the 
peptide at all levels consistently even as low as 336 zmol demonstrating a lower LOD by 
nearly two orders compared with the PEPP.  This improvement could be attributed to the 
significantly smaller spot sizes produced by the smaller drop size of the ChIP compared 
to the PEPP. 
In order to demonstrate the precise print head alignment of the ChIP, logos from the 
University of Illinois, Indiana University and Purdue University were printed in a single 
10 × 10 array. The three logos were printed using different peptide standards each by an 
independent print head followed by the printing of matrix using the fourth print head and 
were detected by MS imaging. A depiction of the printed logos and the resulting ion 
images as well as a predicted and actual overlay image are shown in Figure 8.8. 
Comparing the printed patterns and the actual MS imaging data, there is excellent 
correlation between each pair of images. Capturing these three logos within a single 
imaging experiment is possible due to the inherent multiplexed detection of mass 
spectrometry and the precise print head alignment that can be achieved using the ChIP. 
The ChIP allows for the printing of up to four different solutions on a single substrate 
during a single printing application by using the four different print heads. Using these 
features, complex standard substrates consisting of multiple analytes can be produced for 
testing the performance of developed analytical technologies in detecting spatially 
complex samples. 
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8.5. Summary 
The characterization of the use of non-contact chemical printers for the purpose of 
generating complex standard samples for analysis by MS in order to facilitate across 
instrument and across facility comparison’s to be made was investigated. The use of two 
different non-contact printers, a PEPP and a ChIP, were characterized to determine many 
different aspects of their capabilities including spot size, spot-to-spot spacing and 
resulting LODs for printed arrays detected by MALDI MS. In all respects for this 
application, the ChIP’s performance was superior to the PEPP. The ChIP was able to 
produce spot sizes less than 60 µm in diameter that were as close together as 150 µm. In 
addition, the LODs associated with these spots was found to be nearly two orders of 
magnitude lower than the comparable PEPP’s LODs. The ChIP was also shown to be 
capable to reproducibly printing different solutions from four print heads with excellent 
alignment which could enable high throughput production of complex standard samples 
to be used for comparing different instruments. 
The Bruker Ultraflex II MALDI MS was characterized to determine its LOD for 
samples that are printed using chemical printers. The LODs for pure compounds were 
found to be extremely low for both the PEPP and the ChIP sample application. The PEPP 
was found to have an LOD of 11.6 amol compared to 336 zmol for the ChIP. This 
difference was attributed to the smaller droplet size and resulting spot size produced by 
the ChIP. These detection limits could be observed for separations performed by liquid 
chromatography (LC) if the aliquots of eluent were sufficiently small when applied to a 
sample plate as long as matrix could be applied in similarly small volumes directly on top 
of the LC fractions. Printers for this purpose exist currently but spot but spots are in the 
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100 nL regime, which would have to be reduced significantly in order to observe these 
low LODs.  
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8.7. Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1    Optical images of angiotensin I printed on ITO slides by each printer at 
different spacings. Frame A – PEPP at 400 µm, Frame B – ChIP at 400 µm, Frame C – 
PEPP at pseudo 150 µm and ChIP at 150 µm. Frame C contains a pseudo spaced print job 
where the PEPP was directed to print at 300 µm for one printing iteration followed by a 
second printing iteration at 300 µm with a starting point that was offset by 150 µm in 
order to obtain an apparent 150 µm spacing.  
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Figure 8.2    Frame A displays the fluorescence image from the PEPP using both Cy3 
and Cy5 printed at 400 µm spot-to-spot distances. It is noted that the spots are not in 
perfect alignment, but that the alignment is reproducible as both Cy3 and Cy5 appear at 
the same position. Frame B demonstrates the precision of the ChIP printing alignment 
and spot size. 
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Figure 8.3    Angiotensin I (0.010 M)was deposited on indium-tin-oxide (ITO) cover 
slips using a PerkinElmer Piezorray Printer depositing ~ 1.5 nL per spot.  The array was 
then analyzed using a PHI TRIFT III SIMS equipped with a gold liquid metal ion source. 
The spots were imaged in negative mode with a spatial resolution of ~2 μm per pixel.  
The ion images produced from m/z 26 arising from CN
-
 containing species and m/z 42 
arising from C3H6
-
 are shown. The printed spot size on ITO coverslips was determined to 
be 173 μm (±2 μm). The scale bars are 100 µm. 
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Figure 8.4    In Frame A, the spot diameter of each spot was measured three times along 
the x-axis, y-axis and xy-axis. Using the average of these measurements, the graph in 
Frame C was constructed mathematically describing the observed relationship between 
the number of drops deposited during each iteration and the final spot size. In Frame B, 
the process of measuring the spot-to-spot distance is illustrated where for each pair of 
adjacent spots, a measurement of the distance was between them was measured. The 
average spot-to-spot spacing was found to be 299±12 µm for printing using a 300 µm 
spacing. Scale bars are 100 µm.  
193
  
  
 
 
 
 
 
 
Figure 8.5    MALDI MS LOD imaging experiment using the PEPP to print solutions of 
10
-3
 g/L and 10
-5
 g/L angiotensin I followed by 37.5 µg of DHB. The printer was 
instructed to print regions containing different spots with 5 (green), 10 (blue), 20 (orange) 
and 50 (red) drops per spot. The total quantity of angiotensin I ranged from 11.6 amol to 
1.16 fmol. Signal was observed consistently down to 46.4 amol, but was observed in two 
of ten spots at the 11.6 amol level. 
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Figure 8.6    MALDI MS LOD imaging experiment using the PEPP to print solutions of 
10
-2
 g/L and 10
-4
 g/L angiotensin I followed by sublimation application of DHB matrix. 
The printer was instructed to print regions containing different numbers of drops per 
iteration with 5 (red), 20 (blue) and 50 (green) drops per spot. The total quantity of 
angiotensin I ranged from 116 amol to 116 fmol. Signal was observed consistently down 
to 11.6 fmol, but was observed in two of ten spots at the 116 amol level. 
  
195
  
 
 
 
 
 
Figure 8.7    MALDI MS LOD imaging experiment using the ChIP to print solutions of 
10
-2
 g/L, 10
-4
 g/L and 10
-6
 g/L angiotensin I followed by printing 37.5 µg of DHB matrix. 
The printer was instructed to print regions containing different spots with 5 (red), 10 
(green), 20 (light blue), 40 (dark blue) and 100 (purple) drops per spot. The total quantity 
of angiotensin I ranged from 336 zmol to 67.1 fmol. Signal was observed consistently at 
all levels including 336 zmol. 
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Figure 8.8    The printing of complex patterns using the ChIP was demonstrated through 
the production of samples containing a 10 × 10 grid of spots. a-c) Pictorial 
representations of the print array that was input into the ChIP 1000 using three separate 
print heads. The University of Illinois logo is shown in blue, the Indiana University logo 
in red and the Purdue University logo in yellow. Following the printing of each chemical 
from a separate print head on the ChIP, the final print head printed DHB matrix to allow 
MALDI detection. d) A pictorial representation of the signals that should be observed. 
Multiple signals are indicated by blended colors (e.g. Blue + Red = Violet). e-g) Images 
resulting from MSI data collected on a Bruker Ultraflex II at the molecular weights 
indicated in the figure. h) An overlay image of m/z 757.4, 1046.5 and 1296.7.  
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Chapter 9 
 
Evaluation of the Effects of Calculators on 
General Chemistry Students 
 
 
 
9.1 Notes and Acknowledgements 
This chapter represents work that is completed as part of the Chemical Education 
Specialization received with the Ph.D. in chemistry. This study determines the effects of 
removing advanced calculators from the general chemistry classroom. The students were 
evaluated quantitatively through a pretest, quizzes, exams, surveys and a posttest. In 
addition, students were invited to participate in an open-ended interview about their 
experience. I would like to thank Carlisle D'Souza who taught the two control sections of 
CHEM 102D and Thomas Hummel who supervised the control and experimental sections 
that participated in this study. I would also like to acknowledge Paul Kelter (currently at 
Northern Illinois University) for his assistance and support of this project as well as his 
role in defining the problem and methods that could be used to investigate this problem. 
Finally, I would like to thank Prof. Jonathan Sweedler for his support of my participation 
in the Chemical Education Specialization program and his encouragement in these 
pursuits.  
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9.2  Introduction 
The true benefit of the tools used in education to facilitate learning should 
periodically be evaluated. These educational tools vary accordingly by field; in the case 
of the sciences, some of the tools employed may include textbooks, laboratory 
experiences and calculators. This study focused primarily on the effect of the calculator 
on student learning in the college chemistry classroom and more specifically its effect 
during classroom quizzes and exams. The question is not whether students find it easier 
to mentally compute calculations or perform the same calculations by using a calculator, 
but rather if students actually learn more by using the calculator on exams. The answer to 
this question must be found via a method that accesses not only the score a student 
receives on an exam, but also how the student feels about the information they have 
assimilated during the course of a semester.  
The results provided insight into how well students learn material when there is an aid 
present versus their ability to learn when the aid is removed. Does the student learn better 
with an aid or merely perform better? The underlying reason for this study is derived 
from years of personal experience. Year after year, time and time again, I have tutored 
students who were unable to compute the most trivial of mathematical computations 
without their calculators.  
Calculators became common in the science classroom in the late 1970s. It was at this 
time that studies were performed to validate their usefulness in courses.1-4 Since that time 
however, the context in which calculators are employed has radically changed. The 
calculator used to be something that became available as a student mastered different 
mathematical skills so that those tasks would be performed relatively quickly. For 
199
  
example, after an elementary school student had learned her addition and multiplication 
tables and demonstrated a mastery of the skill required to repeatedly perform these 
calculations regardless of complexity, she would be allowed a simple four-function 
calculator so that they could perform these basic functions more easily.5 In keeping with 
this example, a calculus student who had proficiently learned to differentiate and 
integrate would be more easily able to find the volume of a polynomial that is being 
revolved about an axis if she is allowed to use a graphing calculator. As calculators 
became more widespread in schools of all levels, students began using calculators to 
perform functions that they did not understand and had not mastered by hand. Students 
therefore become dependent upon their calculators for the calculations that they 
performed, while effectively removing student learning from the process of solving 
mathematical problems.5 This dependency makes students vulnerable to the common 
errors of mis-entering numbers or using the wrong operator to evaluate an expression 
because the student does not have a ballpark idea for the answer. Even worse, graphing 
calculators allow students to solve equations, or even systems of equations, without 
having to be concerned with how the calculator performed these operations. These 
problems do not arise when a knowledgeable student, who has been solving equations for 
years, is handed a calculator; rather it arises when a student is prematurely handed a tool 
that s/he has not been properly prepared to operate.  
Evaluating the use of calculators in the classroom environment can provide critical 
insight into the outcome of the current study. A history of handheld calculators, 
especially with reference to the cost and year of production, is important as this relates to 
the year that different studies were performed. The first hand-held calculator, a four-
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function version was invented in 1971 by Sharp and cost $345.6 The following year the 
first scientific calculator was produced by Hewlett Packard and cost $395.7 
Programmable calculators appeared in the late 70s8 with graphing features being added in 
1985.9 It was not until 1998 when Texas Instruments released the TI-89 that there was a 
calculator that would perform calculus functions at the touch of a button.10 In addition, 
this calculator made it easy and convenient to solve equations and evaluate expressions. 
Today these calculators are even allowed on many Advanced Placement exams and on 
the SAT. By using any graphing calculators, a student may solve any equation present in 
these testing situations, provided that he knows how to operate the native equation solver 
on the calculator. It is for these reasons that the most important studies are those that have 
been performed in the past few years. Only recently has it become common for middle 
and early high school students to have access to such advanced calculators.  
In 1980, Roberts conducted a review of all of the literature up to that point on the 
effects of having calculators in the classroom.4 The review covered 34 studies, which had 
each independently studied the effects of calculators in the classroom. Robert´s review 
addressed three different aspects of the benefit of calculators in the mathematics and 
applied mathematics (economics11, chemistry12, 13) classrooms. The first aspect was 
computational ability as measured by a pre-test and post-test model covering both a 
mathematical skills test and a mathematical attitudes evaluation. A total of 63% of the 
studies concluded that experimental group of students were able to perform calculations 
faster and more accurately when they were instructed on how to use a calculator. It is 
important to note that in 32% of those studies, including one of the two studies performed 
in a chemistry setting, the calculator was not allowed on the assessment, only during the 
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instructional period. The second aspect was the conceptual ability of the student. A mere 
25% of the studies found that students using calculators had an advantage in conceptual 
understanding. In the remaining 75% of the studied, the non-calculator group and the 
calculator group were shown to not be statistically different. In most of these studies, the 
calculator was introduced into the instruction of the course without having any instruction 
specifically devoted to how to use the calculator. This is hypothesized to have contributed 
to the lack of benefit due to the calculators.4 It was hypothesized by Roberts that had 
there been sufficient instruction using a calculator and that the students most likely would 
have been able to finish assessments quicker than the non-calculator group. The third 
aspect that Robert´s review addressed was attitude. The research showed that 35% of the 
studies indicated that students who were able to use a calculator had a more positive 
attitude about their upcoming assessment than their non-calculator counterparts. The 
author points out that the studies usually did not ask questions that were directed at the 
calculator issue but rather asked general questions and then attributed the differences to 
the presence or absence of a calculator. In general, there are no convincing data for either 
conceptual understanding or attitude towards a preference for having calculators in the 
classroom. The only area in which the presence of a calculator was found to have a 
significant advantage was in the rate and accuracy of computations, which was to be 
expected.  
Roberts’s review of these publications a number of years ago still pertains to the 
current study. The conclusions of this review were that students can do arithmetic faster 
and more accurately if they have a calculator, but that it does not affect a student’s 
understanding or attitude toward the subject matter assessment.4 The idea that faster is 
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better merely because it is faster does not hold true if student learning is not being 
benefited in some way. The ability of a student to think well on her feet and to feel 
positive about an impending assessment is more important than the speed at which that 
assessment is completed, especially if the added speed is only artificial. This study aims 
to assess the added benefit of removing the calculator and adopting a “getting back to the 
basics” attitude in the classroom. By removing the calculator and covering the thought 
process, instead of the computational process, one should be able to increase the students’ 
conceptual understanding at the expense of computational speed.  
In 1999, Merriweather and Tharp published a study that focused on how students 
prefer to solve problems after being instructed with a calculator versus without a 
calculator.14 The study compared groups of students who were given instruction with 
calculators to a separate group of students who did not use calculators during the 
instruction. The method of evaluation was based upon a survey of the students. This 
survey has been adapted and was used in the current study with the author’s permission. 
The results of the survey indicated that students preferred to work under the same 
conditions in which they were taught. Merriweather and Tharp´s survey proved to be a 
meaningful method to analyze a student’s disposition towards calculators. This survey 
compared new data to the old. 
Wilson and Naimen of John’s Hopkins University conducted a study of 607 college 
students enrolled in various mathematics courses that examined the connection between 
the use of calculators in grades K-12 and the resulting academic grades received by 
students after they got to college.15 Students self-reported whether they never, seldom, 
often, or always used calculators. This determination of prior calculator usage allowed 
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students themselves to decide whether calculators were emphasized in their past 
academic experience and may lead to some distortion of data if there were any 
relationship between a student’s opinion of calculators and their use in a classroom. The 
categories were then subdivided into a binary set of never or seldom and often or always. 
The result of regression analysis was that the emphasis on the calculator in a student’s 
primary education had the same effect as a student’s SAT score being lowered by 57 
points on their performance in the college classroom. Viewed differently, those students 
who indicated calculator emphasis received grades that were 0.20 points on average on a 
4.0 scale lower than those students who did not indicate calculator emphasis.15 Students 
who become more calculator-dependent during their K-12 education have a lower level 
of comprehension of the mathematical concepts and computations that they performed 
than students who did not have a calculator dependency as indicated by the Wilson and 
Naimen study. This comprehension deficiency and calculator dependency can manifest 
itself in many ways. Much of this is outside of the topic of general chemistry, but all of it 
falls within the realm of thinking analytically, which is at the heart of education in 
science. 
In recent years, there has not been a published study of the effects of removing the 
calculators from students in a college chemistry course. Over the past many years, the 
increasing availability of calculators in the classroom has undoubtedly changed the 
educational environment present in primary and secondary education. Thus the current 
effect of removing the calculator from a college chemistry student should be studied. This 
study will evaluate the more elusive questions of how calculators impact both the 
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performance of a student as well as how it’s effects on students’ perception of their own 
knowledge and their confidence as they approach an evaluation.  
 
9.3  Experimental 
Four sections of General Chemistry (CHEM 102D) at the University of Illinois at 
Urbana-Champaign (UIUC) during the fall semester of 2006 were subjected to human 
study in accordance with the UIUC Institutional Review Board (IRB) under Project 
#06635. The two control sections consisted of 28 and 29 students and the two 
experimental sections consisted of 28 and 30 students. Two of the sections were required 
to use only four-function calculators (FFCs) throughout the semester until the Final 
Exam. The course material was presented using the appropriate technologies for the 
student – meaning that the FFC classroom was taught using only FFC while the other two 
sections were conducted with graphing and/or scientific calculators.  
At the beginning of the semester, each student was given the American Chemistry 
Society (ACS) Toledo Exam (http://chemexams.chem.iastate.edu/materials/) in order to 
access their abilities with respect to math and chemistry. In addition, students were also 
given a background survey to provide incoming data to be used to correlate with future 
quiz and exam scores. This background survey is entitled “Entrance Survey” and is 
printed as Evaluation Material 9.1. 
The primary portion of this study consists of students being taught using different 
methods. The calculator sections were conducted as normal general chemistry classes 
allowing students to use any calculator they wish or none at all. The instructors covered 
all of the topics included in the syllabus for CHEM 102D in the same order and used 
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common evaluation materials to gauge the differences between sections. The FFC section 
was conducted allowing students to only use four-function calculators or no calculator at 
all. In addition to the normal material that is covered during the week, students were 
instructed on methods of estimation, “reality checks,” the use of a logarithm table and 
other relevant mathematical tools that are useful in generating an order of magnitude 
estimation of the answer to a particular question.  
During the semester, students were given exams, quizzes and surveys to monitor the 
effect of the FFC both objectively and subjectively. The students took six quizzes and 
three exams relevant to the material being presented in class. The second exam did not 
include any math problems because it covered topics including bonding and molecular 
orbital theory and none of the sections were permitted to use a calculator of any type. 
After completing each exam, students completed either the “Exam Survey for Control 
Group” or the “Exam Survey for Experimental Group” presented below as Evaluation 
Material 9.2 and Evaluation Material 9.3. These surveys were given to learn the students’ 
reaction to the exam and to what extent the calculator served as an aide or a hindrance. 
Following the semester, students were given the ACS General Chemistry 50-Minute 
Exam from 1998 (http://chemexams.chem.iastate.edu/materials/) and the course common 
final exam. Due to the weight of the final exam (34%) on the students’ grades, all 
students were allowed to use their calculator of choice. After completing the final exam, 
students in the FFC sections were asked to complete the “Exit Survey” allowing students 
to self-report how often they used a calculator other than the FFC outside of class. The 
second exam and the final exam will be used as controls and compared to the first and 
third exams where the class sections were using different calculators.  
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At the end of the 2007 spring semester, the students were invited to participate in a 
post-study interview during which they responded to various questions about their 
experience with the study as well as how that experience impacted their next semester of 
study. The questions from this survey are shown in Evaluation Material 9.5. 
 
9.4  Results  
 
During the first week of the course, the students were given the ACS Toledo Exam as 
well as an entrance survey. The ACS Toledo Exam is designed to evaluate the 
computational skills and the general chemistry knowledge of students. Since the test 
evaluates both the math and chemistry background of students, it is ideally suited to 
determine if either student section had a higher aptitude at the beginning of the semester. 
The survey, shown as Evaluation Material 9.1, was also used to collect background 
information about the students and their previous experience with calculator use in each 
section. One of the more striking results was the early age at which calculators are being 
introduced into the classroom. Figure 9.1 shows the distribution of when students began 
using scientific and graphing calculators during their K-12 education. These data are 
presented using a bar graph for the number of students that began using each calculator in 
a given grade and using a line graph to show the cumulative fraction of students using a 
particular calculator by the end of a given grade. Scientific calculators were being used as 
early as the second grade and graphing calculators as early as the seventh grade. By the 
ninth grade, over 90 percent of students were using scientific calculators and nearly 60 
percent were using graphing calculators. In addition to learning when students began 
using calculators it was important to also determine how much emphasis was placed on 
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calculator use in the classroom. Student responses rated this emphasis on a scale from 0-
10 where 0 indicated no emphasis and 10 indicated heavy emphasis. The mean value 
reported by students for control/ experimental groups (“mean±SEM (p-value for paired t-
test)” will be used for all values being reported) was found to be 6.8±0.2/6.5±0.3 (0.43) 
(SEM). These responses are shown in a histogram in Figure 9.2. Additional information 
related to incoming student performance was collected including their number of years of 
high school chemistry and physics, highest level of mathematics that was completed and 
math ACT or SAT scores. A p-value indicates the probability that two distributions arise 
from a single population. Typically, p-values less than 0.05 or 0.10 are considered to be 
statistically significant. The mean for the number of years of high school chemistry and 
physics for the control/experiment groups was 1.31±0.07/1.36±0.08 (0.64) and 
1.15±0.12/1.26±0.10 (0.52), respectively. The average student’s placements in 
mathematics were a 4.82±0.09/5.00±0.10 (0.22) (where 1=Algebra I, 2=Geometry, 
3=Algebra II, 4=Precalculus, 5=Calculus I, 6=Calculus II and 7=Beyond Calculus II). 
The average math SAT scores were 664±10/687±9 (0.16). These SAT scores place the 
students in the 95th percentile nationally. Finally, students were asked to take the ACS 
Toledo Exam to determine their current performance in chemistry and mathematics. The 
students scored 38.7±0.9/40.3±0.8 (0.27). The results for all of these parameters 
demonstrated that the control and experimental groups were not statistically different in 
any of these parameters.  
The performance of the students was monitored throughout the semester using a 
combination of quizzes and exams. In Figure 9.3, a comparison between the FFC sections 
(experimental) and control groups is shown. The p-values for the Student’s T-test that 
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was performed for each evaluation is listed below the x-axis label. There were only three 
quizzes that displayed p-value less than 0.10: quizzes 1, 3 and 6. On quiz 1, the 
experimental group performed better than the control group by an average of 0.7 points. 
Quiz 1 covered material that included stoichiometry and may have reflected student’s 
high school background more than their education during this study. On quiz 3, the 
experimental group again performed better than the control group by 1.7 points. Quiz 3 
did not include any calculations for which a calculator would be needed and therefore the 
better performance by the experimental group may reflect a link to greater 
comprehension of the material and a conceptual focus of the students. Finally on quiz 6 
the control group performed better than the experimental group by 1.1 points. Quiz 6 
required the use of logarithms which were facilitated through a log table for the 
experimental group. This likely led to a more time consuming process in order to arrive at 
the answers which may have negatively affected performance. Exams were used to cover 
the material from approximately the same time period as two and a half quizzes and 
therefore may be a better indicator of student comprehension. The scores between the 
control and experimental group on all three exams were demonstrated to have no 
statistical difference at 90 percent confidence. The greater difference on exam 3 
compared to exam 1 and 2 is likely due to time constraints due to the use of the logarithm 
table during this exam. The ACS General Chemistry 50 exam  was administered at the 
end of the semester to all of the students. This exam does not require the use of a 
calculator. The control and experimental groups of students again performed equally well 
based on a 90 percent confidence level. On the course final exam, students were 
permitted to use any calculator as this was a large component of their grade and any 
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disparity on this exam could negatively impact a student’s final grade. The two groups of 
students were found to have performed equally well on the final ACS exam.  
The survey was used to assess the student’s confidence level and attitude towards 
calculators in general. This survey was given to students during the first week of class 
after the study has begun and again during the last week of classes prior to the final exam. 
The survey was modified from the one used by Merriweather and Tharp to fit the current 
subject matter.14 This survey was used to quantify the attitudes of students towards 
calculators as well as to gain information about their background. In addition to the 
questions posed by Merriweather and Tharp, there were additional background questions 
that expanded upon the single question asked by Wilson (see Evaluation Material 1). The 
John’s Hopkins study determined a slight inverse correlation between calculator 
emphasis in K-12 and performance in college. Using a scale for the level of calculator 
emphasis and adding questions about when and what types of calculators students have 
used in the past, I was able to collect data relating the attitudes and scores of students and 
their calculator usage background.  
 
9.5  Discussion 
Based on the statistical analyses that were discussed above for student performance, 
the data indicate there was little if any detrimental effect on student learning by requiring 
the use of a FFC. In addition, anecdotal evidence indicated that students felt they worked 
harder and understood more because of the use of FFCs. Selected correlations will be 
discussed more fully in the following pages. 
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Correlations were found for every evaluation, quiz and exam to the students self-
reported calculator emphasis score from the survey, as displayed in Table 1 for both 
experimental and control groups. Within this table there are several correlations that are 
statistically significant at a 90 percent confidence level. These include the experimental 
group’s performance on quizzes 1 and 2 and exam 1. In each of these cases, students in 
the experimental group who had strong calculator emphasis in primary and secondary 
school performed worse than those who had less calculator emphasis. This is what could 
be expected at the beginning of this experiment. Students who were using a FFC who 
were more reliant on their calculator to solve algebraic equations struggled more that 
students who were less reliant. This demonstrates the calculator dependency of some 
students in the course. It should also be noted that by the end of the semester that this 
trend was no longer present at statistically significant levels and those students who had 
struggled were adapting to using a FFC. Even though the other assessment score was not 
statistically significant, all of the correlations between calculator emphasis and student 
performance inversely related (negative correlation values) and this may demonstrate a 
calculator dependency of a smaller number of students causing it to become statistically 
insignificant.  
It was expected that the control group would appear having no correlation or a 
positive correlation to student performance. This would indicate that students who were 
used to high calculator emphasis and were able to use this tool, were able to perform 
well. This was shown by the correlations found in Table 1 for the control group where 
there were statistically significant correlations found for the Toledo Exam, quizzes 2 and 
3, exam 3 and the ACS Final Exam. All of these correlations, as well as all but one of the 
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correlations not found to be statistically significant, were positive correlations. This 
indicated that students perform well with their calculator when calculator use has been 
emphasized in their schooling. 
In addition to correlating calculator emphasis scores with single evaluation items, the 
combined score from the six quizzes and three exams were correlated as well. These 
results are displayed graphically in Figure 9.4. The data indicates that the control group 
displays no statistically significant correlation with calculator emphasis. However, the 
experimental group displays a marked correlation with a p-value of 0.02 indicating a 
negative correlation between how much calculators were emphasized during primary and 
secondary school and their performance using a FFC during general chemistry.  
The student’s performance on the pre- and post-tests were also analyzed to determine 
how student’s pretest scores relate to their posttest scores. There was a statistically 
significant correlation for both the control and experimental groups between the two 
exams. This is not surprising as students who are well prepared for the course will 
perform well on a pretest and as long as they make an effort to continue to do well, they 
should also perform well on the post test. These correlations are shown in Figure 9.5. 
When the distributions of scores for the control and experimental groups are compared, 
there was no statistical difference between the two groups for the pretest or posttest with 
p-values of 0.20 and 0.41 respectively.  
In order to further parse the data apart with respect to how calculators affect student 
comprehension of the material, scores from exam 1 and exam 3 were compared across all 
types of calculators. The types of calculators were broken down into five groups: Texas 
Instruments (TI) graphing calculators (TI-79, TI-81, TI-82, TI-83, TI-84), TI algebraic 
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manipulator (TI-89, TI-92), Casio graphing calculators, scientific calculators and FFC. 
The resulting distribution of scores for each type of calculator is shown in box-and-
whisker plots in Figure 9.6. Students who used a TI algebraic manipulator performed 
statistically higher than those students using a scientific calculator or FFC at a 90 percent 
confidence level on exam 1. All other distributions were not statistically different. This 
further illustrates that the type of calculator a student uses does not have a strong 
correlation to student performance in general chemistry. 
At the end of the semester, students in the FFC sections were asked to anonymously 
indicate how often they used advanced calculator outside of class. All but 2 students 
indicated that they had used more advanced calculators outside of the classroom, 
however 55 percent of students indicated using it less than 40 percent of the time and 
only 7.8 percent indicated using it more than 80 percent of the time. A histogram of this 
data is presented in Figure 9.7. It would be interesting to determine what correlation 
exists between how often individual students used advanced calculators outside of class 
and their performance on quizzes and exams. Unfortunately, this information was 
obtained anonymously and therefore cannot be correlated directly to individual student 
performance. 
The final method of evaluation was an interview with students in the FFC section. 
Students from the FFC were emailed and asked to volunteer to participate in a 
retrospective interview consisting of the questions found in Evaluation Material 9.5. The 
interview setting allowed the students to openly discuss the experience of taking the 
course using FFC.  The student was also asked to include any additional information that 
they wish as feedback. This portion of the assessment was subjective and therefore a list 
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of different responses to some of the questions is given in Table 9.2. This has its place in 
research as it is not easy to quantify how a student feels about an impending exam and 
this method should allow for that to be more directly assessed than the previously 
mentioned survey. The overall message during these interviews was that while students 
resented the extra time and work that was required to perform well using a FFC, they also 
recognized that there were advantages to this method. Specifically, many students 
indicated that they understood the concepts and how to solve a problem better because 
they could not rely on a calculator (or program) to solve problems for them.  
 
9.6  Summary 
In summary this study assessed the changes that occur in learning and attitude when 
students were forced to use a FFC while taking general chemistry. It is important to note 
that most of the previous research in this area, although dated, indicates that students 
perform better with a calculator although they are unable to attribute this to more speedy 
and accurate computational ability or an increase in understanding of the material. This is 
an important distinction to make, as one would indicate that a calculator is a good tool to 
have in the classroom while the other would indicate that it is a crutch used by students to 
bypass the thought process. While this study quantitatively showed only that students 
were affected little by being forced to use a FFC, the anecdotal evidence from the study 
demonstrates that students believe they gained a better understanding and had to think 
more than if they had been permitted to use advanced calculators. Studying the effects of 
calculators in the classroom is a dynamic process and must be performed periodically as 
the field of technology is ever changing. 
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9.8 Evaluation Materials 
Evaluation Material 9.1 
 
Entrance Survey 
 
Name:_________________________________ 
Sex: Male  Female 
Year: First  Second Third  Fourth Fifth or more 
Major:_________________________________ 
Minor:_________________________________ 
 
In middle and high school, was the use of calculators emphasized in your class? (rate 
from 1-10 with 1 being not emphasized and 10 being heavily emphasized)______ 
 
In what grade did you first use a scientific calculator?______ 
In what grade did you first use a graphing calculator?______ 
Do you know how to program a calculator?_______ 
What was your score on the math section of the ACT/SAT?_______ 
How many years of chemistry did you have in high school?_______ 
How many years of physics did you have in high school?______ 
What was the highest math course that you completed in high school?______ 
 
Please complete the reverse side. 
 
Below is empty space for any comments, concerns, or questions you would like 
addressed. 
 
 
The scale below is 1 for strongly disagree, 2 for disagree, 3 for neutral, 4 for agree and 5 
for strongly agree. 
About Calculators: Scale 
1. Calculators should "only" be used to check work. 1  2  3  4  5 
2. A graphing calculator can be used as a tool to solve problems I could not 
solve before.  
1  2  3  4  
5 
3. The graphing calculator will hinder my ability to understand basic 
computation.  
1  2  3  4  
5 
4. Graphing calculators make math fun.   1  2  3  4  5 
5. Since I have a graphing calculator, I do not need to learn to solve 
equations by hand.  
1  2  3  4  
5 
6. Learning algebra is easier if a graphing calculator is used to solve 
problems. 
1  2  3  4  
5 
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7. I understand chemistry better if I solve problems with pencil and paper 
first before I use a graphing calculator.      
1  2  3  4  
5 
8. I know how to use a graphing calculator very well 1  2  3  4  5 
9. It is important that everyone learn how to use a graphing calculator 1  2  3  4  5 
10. I would do better in chemistry if I could use a graphing calculator.              1  2  3  4  5 
11. I prefer working problems with a graphing calculator.              1  2  3  4  5 
12. I am good in chemistry.             1  2  3  4  5 
13. Chemistry is boring.        1  2  3  4  5 
14. I would appreciate chemistry better if I had a graphing calculator.                1  2  3  4  5 
15. Using a graphing calculator to solve statistics problems is confusing.         1  2  3  4  5 
16. I would try harder in chemistry if I had a graphing calculator.               1  2  3  4  5 
17. I feel I am cheating myself out of a chance to learn when I use a 
graphing calculator.  
1  2  3  4  
5 
18. If I use a graphing calculator my ability to visualize problems will 
decrease.   
1  2  3  4  
5 
19. Learning chemistry is mostly memorizing a set of facts and rules. 1  2  3  4  5 
20. When doing chemistry it is only important to know how to do a process 
and not why it works.               
1  2  3  4  
5 
21. Learning chemistry means exploring problems to discover patterns and 
make generalizations.   
1  2  3  4  
5 
22. I rely on my graphing calculator too much when solving problems.                 1  2  3  4  5 
23. I feel graphing calculators should not be used while taking chemistry 
tests. 
1  2  3  4  
5 
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Evaluation Material 9.2 
 
Exam Survey for Control Sections 
 
Please answer the following questions. 
 
1. Did you use your calculator during this exam?  Yes    No 
2. What calculator did you use? (if you used one) 
a. TI 81, TI 82, TI 83, TI 85, or TI 86 
b. TI 89, TI 92, or TI Voyager 
c. Casio Graphing Calculator 
d. Scientific Calculator 
e. Four-Function Calculator 
3. What percent of the questions required that you use a calculator? (if you used one) 
a. <20% 
b. 20-40% 
c. 40-60% 
d. 60-80% 
e. >80% 
4. On a scale of one (lowest) to ten (highest), how much did having a calculator help 
on this exam?  __________ 
5. On a scale of one (not at all) to ten (completely), how aided did you feel by 
having a scientific or graphing calculator? _________ 
6. On a scale of one (not at all) to ten (completely), how well prepared for the exam 
did you feel before you began the exam?  
7. How well do you think you did on the exam? (answer in percent correct) _______ 
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Evaluation Material 9.3 
 
Exam Survey for Experimental Group 
 
Please answer the following questions. 
 
1. Did you use your calculator during this exam?  Yes    No 
2. What calculator did you use? (if you used one) 
a. TI 81, TI 82, TI 83, TI 85, or TI 86 
b. TI 89, TI 92, or TI Voyager 
c. Casio Graphing Calculator 
d. Scientific Calculator 
e. Four-Function Calculator 
3. What percent of the questions required that you use a calculator? (if you used one) 
a. <20% 
b. 20-40% 
c. 40-60% 
d. 60-80% 
e. >80% 
4. On a scale of one (lowest) to ten (highest), how much did having a calculator help 
on this exam?  __________ 
5. On a scale of one (not at all) to ten (completely), how hindered did you feel by not 
having a scientific or graphing calculator? _________ 
6. On a scale of one (not at all) to ten (completely), how well prepared for the exam 
did you feel before you began the exam?  
7. How well do you think you did on the exam? (answer in percent correct) _______ 
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Evaluation Material 9.4 
 
Exit Survey 
 
Over the course of the semester, what percent of the time while you were outside of the 
classroom did you use a graphing or scientific calculator for functions that are not present 
on a four-function calculator? 
 
Never  1-20  20-40  40-60   60-80  >80 
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Evaluation Material 9.5 
 
Interview Questions 
 
1. How has this semester gone? 
2. Have you continued to use any of the skills that were developed from using four-
function calculators? 
3. Did you feel like you are on an equal playing field with the other students in your 
section? 
4. Looking back, do you feel like last semester had any benefits for you? If so, what 
are they? 
5. Overall, did last semester’s calculator restriction help you or hurt you in any way? 
6. Do you think that student’s in general chemistry should be able to use four-
function, scientific, or graphing calculators? What calculator do they need? 
7. Do you think that high schools should emphasize mental math more than they do 
by not allowing students to work with such advanced calculators so early in their 
career? 
8. Does it surprise you that most students began using a graphing calculator in the 
9th grade – that corresponds to Geometry for most students? 
9. Any other feedback that you would like to add. 
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9.9 Figures and Tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1: A bar graph plot of the grade when student’s reported beginning to use 
scientific (red bars) and graphing (blue bars) calculators. A line graph plot of the 
cumulative distribution of students using scientific (yellow line) and graphing (blue line) 
calculators by grade level showing that students begin using scientific and graphing 
calculators in second and seventh grade respectively.  
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Figure 9.2: Students were asked to rate how much calculator use was emphasized in their 
K-12 education. The histogram shown here demonstrates that most students feel that 
calculator use was emphasized more than half the time, but not all of the time.   
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Figure 9.3: Students were evaluated using a combination of quizzes and exams including 
a pre- and post- exam using standardized ACS exams. The results are displayed here with 
the control group displayed in blue bars and the experimental group in red bars. Below 
each x-axis label is the p-value for the Student’s T test between the two groups for that 
assignment. The error bars are SEM.   
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Figure 9.4: Correlation graphs between combined quiz and exams score for control 
(upper panel) and experimental (lower panel) sections with students’ self-reported 
calculator emphasis scores. The correlations for control and experimental groups had p-
values of 0.60 and 0.02, respectively, indicating that there is a statistically significant 
negative correlation for the experimental group between students’ performance and 
calculator emphasis in primary and secondary school.   
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Figure 9.5    Correlations between student performance on pre- and post-tests given 
using the ACS Toledo Exam and the ACS General Chemistry 50 Minute Final Exam. 
These correlations indicate that students who performed well on the pre-test was still 
performing well at the end of the course for both the experimental and control groups.    
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Figure 9.6: A comparison of student performance on exam 1 and 3 across all types of 
calculators used. Scores increase moving from left to right in the figure. The performance 
of students using a TI algebraic manipulator (TI-89 and TI-92) scored higher than 
students using a scientific calculator or four-function calculator on the first exam. All 
other scores were not statistically different at a 90 percent confidence level.  
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Figure 9.7    A histogram displaying the distribution of student responses to how often 
they used an advanced calculator outside of the classroom.   
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Table 9.1   Correlation and p-values for students’ performance on exams and quizzes are 
listed here. The correlations that are statistically significant at a 90 percent confidence 
level are shown in bold.  
 
 
 Correlation (Exp) P-Value Correlation (Con) P-Value 
Toledo Exam -0.3576 0.3635 1.280 0.0530 
Quiz #1 -0.2699 0.0347 0.1320 0.5627 
Quiz #2 -0.4196 0.0397 0.7940 0.0608 
Exam #1 -0.6305 0.0028 1.011 0.0790 
Quiz #3 -0.2131 0.2808 0.2172 0.6020 
Quiz #4 -0.1630 0.4096 0.1126 0.7354 
Exam #2 -0.3814 0.2960 0.1906 0.7255 
Quiz #5 -0.2613 0.3441 -0.1521 0.7376 
Quiz #6 -0.2792 0.1501 0.0059 0.9815 
Exam #3 -0.4627 0.2351 1.241 0.0514 
Final Exam -0.9388 0.1678 0.0873 0.3283 
ACS Final Exam -0.1374 0.7010 1.392 0.0249 
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Table 9.2    A selection of some student’s poignant responses during the post-study 
interview illustrate that students were forced to think more during this process.   
 
Question4: Looking back, do you feel like last semester had any benefits for you? If 
so, what are they? 
Last semester was more difficult and it pays off now.  Working without a calculator 
helped facilitate learning. 
Learned why things work. Learned the mechanics.  Had to think a lot more. 
Because we didn’t use calculators, we thought more.  This semester has been easier 
conceptually. 
Helped with doing exponents in my head. In biology, since we are not allowed a 
calculator, things have been easier.  I am still extremely calculator dependent.  
Helped to understand.  I needed a good idea of what you are doing.  There is a difference 
between “I know how to do that on my calculator” and “I actually know what’s going 
on”. The four-function worked fine.  It really helped with my dependency on calculators.  
I was really nervous at the beginning, but it turned out not to be that bad. 
Question 5: Overall, did last semester’s calculator restriction help you or hurt you 
in any way? 
Made me work slower because I actually had to think about it. 
Too time consuming. 
Easier to see on a graphing calculator. 
A little.  Not comfortable with using a four-function.  I am used to using an algebraic 
manipulator, so this was inconvenient and less than ideal. 
Had to know how to set up the problem.  
Forced to work more examples to be sure I knew how to do them.  I looked at 
calculations closer which made me understand more. 
Not using a calculator is not a hindrance. In the end, you remember more because you 
thought more. 
Question 7: Do you think that high schools should emphasize mental math more 
than they do by not allowing students to work with such advanced calculators so 
early in their career? 
Yes, when I took Calculus I, I was completely dysfunctional because the teacher didn’t 
allow calculators.  I only knew how the do calculations on a graphing calculator and I 
never had to recognize any patterns. 
I’ve always thought that.  Advanced math needs more advanced calculators, but when 
you are in Geometry and Algebra, you should be learning a good math base focused on 
mental math. 
I didn’t use a graphing calculator until 10th or 11th grade.  I like that you can see the 
whole typed line, but you should be able to work with numbers really well before using a 
calculator. 
Definitely.  In high school, you get used to using calculators and forget 2+2. 
Yes.  A lot of people don’t know how to solve simple problems or do mental math.  
Don’t need to rely on calculators.  It could reduce the lack of confidence in math skills. 
Yes, they should.  You don’t always get to use a calculator in college, so high schools 
shouldn’t allow you to become so used to using them. 
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 Investigated hydrolytic enzymes present in the pitcher fluid of Nepenthes burkei 
 
HONORS AND AWARDS  
University of Illinois at Urbana-Champaign 
Annual Workshop on SIMS Travel Grant Award 2011 
Baxter Innovation Award 2009 
Awarded for research related to critical care therapies and the development of medical 
products  
Roger Adams Graduate Fellowship 2005 
 Awarded to promising graduate students in the Department of Chemistry 
 
Rollins College 
American Institute of Chemists Award 2005 
Division of Science and Mathematics Excellent Standard in Academic Pursuits 2002-2005 
Thomas Baker Memorial Award in Chemistry 2004 
ACS Division of Analytical Chemistry Undergraduate Award 2004 
American Chemical Society Polymer Education Committee Award in Organic Chemistry 2003 
Chemical Rubber Company First-Year Achievement Award 2002 
 
PROFESSIONAL AND HONOR SOCIETY MEMBERSHIPS 
  
American Chemical Society (2002-Present) 
American Society for Mass Spectrometry (2009-Present) 
Phi Eta Sigma Honor Society (inducted 2002) 
Omicron Delta Kappa Honor Society (inducted 2004) 
 
SERVICE IN THE COMMUNITY 
 
Illinois Science Olympiad Food Science Event 
Event Coordinator for Champaign Regional and Illinois State Competitions (2008-2009) 
 Developed event materials and laboratory exercises 
 Coordinated event and delegation of volunteers 
 Oversaw student performance evaluation 
Assistant Event Coordinator for Champaign Regional and Illinois State Competition 
(2007) 
 Assisted in development of laboratory exercises 
 Prepared laboratory materials 
 Assisted with student performance evaluation 
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Volunteer for Illinois State Competition (2006) 
 Assisted students during laboratory exercises 
 Evaluated student performance 
 
Encouraging Tomorrow’s Chemists – Volunteer (2006-2009)  
(University of Illinois, Department of Chemistry) 
 Prepared and directed laboratory exercises for middle school students  
 Topics included: nature of matter, chemiluminescence, and polymers 
 Approximately 350 students from 13 science classes participated 
 
Illinois YMCA Youth and Government – Volunteer (2008-Present) 
 Provided guidance, training, and experience to young people for moral and political 
leadership as well as informed citizenship in the American democratic process 
 
PUBLICATIONS 
 
 Bei Nie, Kevin R. Tucker, Jonathan V. Sweedler and Paul W. Bohn. Heterocorrelated 
Imaging for Characterization of Spatially and Temporally Complex Samples. In 
preparation. 
 
 Kevin R. Tucker and Paul B. Kelter. Evaluation of the Effects of Calculators on General 
Chemistry Students. In preparation for submission to the Journal of Chemical Education. 
 
 Kevin R. Tucker, Stanislav S. Rubakhin, and  Jonathan V. Sweedler. Comparison of Sample 
Preparation Methods for Treating Cultured Neurons for Secondary Ion Mass 
Spectrometry Imaging. In preparation for submission to the Journal of the American Society 
for Mass Spectrometry. 
 
 Kevin R. Tucker, Eric J. Lanni, Leonid A. Serebryannyy*, Stanislav S. Rubakhin, and 
Jonathan V. Sweedler. Stretched Tissue Mounting for MALDI Mass Spectrometry 
Imaging. In preparation for submission to Analytical Chemistry. 
 
 Kevin R. Tucker, Leonid A. Serebryannyy*, Tyler A. Zimmerman, Stanislav S. Rubakhin, 
and Jonathan V. Sweedler. Chemically Selective Imaging using Mass Spectrometry: The 
Modified-Bead Stretched Sample Method. Chemical Science, 2011, 2, 785-795. 
 
 Tyler A. Zimmerman, Stanislav S. Rubakhin, Elena V. Romanova, Kevin R. Tucker, and Jonathan 
V. Sweedler. MALDI Mass Spectrometric Imaging using the Stretched Sample Method to 
Reveal Neuropeptide Distributions in Aplysia Nervous Tissue. Analytical Chemistry, 2009, 
81(22): 9402–9409. 
 Tyler A. Zimmerman, Eric B. Monroe, Kevin R. Tucker, Stanislav S. Rubakhin, and Jonathan V. 
Sweedler. Chapter 13: Imaging of cells and tissues with mass spectrometry: adding chemical 
information to imaging. Methods of Cellular Biology, 2008, 89: 361-90. 
 *Mentored undergraduate student 
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PRESENTATIONS 
  
Oral Presentations 
 Kevin R. Tucker, Eric B. Monroe, Tyler A. Zimmerman, and Jonathan V. Sweedler. In 
situ Digest by Enzyme Modified Glass Spheres of Single Cell-Sized Samples, PittCon, 
Chicago, IL (2009). 
 Kevin R. Tucker and Paul B. Kelter. Evaluation of the Effects of Calculators on 
General Chemistry Students, Central Regional Meeting of the American Chemistry 
Society, Convington, KY (2007). 
 Kevin R. Tucker and Paul B. Kelter. Evaluation of the Effects of Calculators on 
General Chemistry Students, International Center of Undergraduate Chemistry – FYI 
Conference, University of Colorado at Boulder (2007). 
 
Poster Presentations 
 Kevin R. Tucker, Eric J. Lanni, Leonid A. Serebryannyy, Stanislav S. Tubakhin, 
and Jonathan V. Sweedler. Stretching the Limits of Mass Spectrometry 
Imaging, Midwestern Universities Analytical Chemistry Conference, Purdue 
University, West Lafayette, IN (2010). 
 Kevin R. Tucker, Leonid A. Serebryannyy, and Jonathan V. Sweedler. Chemically 
Selective Imaging using Mass Spectrometry: The Modified-Bead Stretched Sample 
Method, American Society of Mass Spectrometry Conference on Mass Spectrometry and 
Allied Topics, Salt Lake City, UT (2010). 
 Kevin R. Tucker, Tyler A. Zimmerman, Leonid A. Serebryannyy, Stanislav S. Rubakhin, 
Elena V. Romanova, and Jonathan V. Sweedler. Stretching the Limits of Imaging Mass 
Spectrometry: A Massively Parallel Single Cell Preparation, BioEngineering 
Workshop, University of Illinois at Urbana-Champaign (2010).  
 Kevin R. Tucker, Zhen Li, Stanislav S. Rubakin, and Jonathan V. Sweedler. Subcellular 
Imaging of Lipids and Lipophillic Species in Cells Cultured on Silicon using 
Secondary Ion Mass Spectrometry, Turkey Run Analytical Chemistry Conference, 
Turkey Run, IN (2009). 
 Kevin R. Tucker, Zhen Li, Stanislav S. Rubakin, and Jonathan V. Sweedler. Subcellular 
Imaging of Lipids and Lipophillic Species in Cells Cultured on Silicon using 
Secondary Ion Mass Spectrometry, Imaging at Illinois Workshop, University of Illinois 
at Urbana-Champaign (2009). 
 Kevin R. Tucker, Zhen Li, Ann Knolhoff, Stanislav Rubakin, and Jonathan Sweedler. 
Subcellular Imaging of Lipids and Lipophillic Species in Cells Cultured on Silicon 
using Secondary Ion Mass Spectrometry, American Society of Mass Spectrometry 
Conference on Mass Spectrometry and Allied Topics Conference on Mass Spectrometry, 
Philadelphia, PA (2009). 
 Kevin R. Tucker, Eric Monroe, Zhen Li, and Jonathan Sweedler. Secondary Ion Mass 
Spectrometric Analysis of Surface Modified Glass Spheres for In Situ Tissue 
Digestion, Turkey Run Analytical Chemistry Conference, Turkey Run, IN (2008). 
 Kevin R. Tucker, Jamie Hogan, and Paul Stephenson. Investigation of Hydrolytic 
Enzymes Present in the Pitcher Fluid of Nepenthes burkei, National Conference for 
Undergraduate Research, Salt Lake City, UT (2003). 
 
Presentations by Mentored Undergraduate Student: 
 Leonid A. Serebryannyy, Kevin R. Tucker, Stanislav S. Rhubakhin, and Jonathan 
Sweedler. Stretching the Limits: Developing Methods for In Situ Digestion of 
Single Cell-Sized Samples by Enzyme-Modified Glass Spheres for MALDI MS 
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Analysis, Women Chemists Committee Undergraduate Research Symposium, 
Champaign, IL (2010). 
 Leonid A. Serebryannyy, Kevin R. Tucker, Tyler A. Zimmermen, and Jonathan 
Sweedler. In Situ Digest by Enzyme-Modified Glass Spheres of Single Cell-Sized 
Samples, Women Chemists Committee Undergraduate Research Symposium, 
Champaign, IL (2009). 
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